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Abstract

Methane is a highly explosive gas released duriogl anining that presents an
imminent problem when mixed with oxygen in regaodnbaintaining safe working

conditions in underground and highwall mines.

The Moura Mine’s current Addcar highwall coal miginoperation in Central
Queensland has identified that high methane corat@ns on the northern side of the
mine have restricted production rates and penetradepths of mining equipment in
comparison to the southern side, with lower mett@reentrations (Conway, B 2006,
pers. comm., 11 April). Research has identifieat taining an understanding of the
migration of methane in underground mining appiarad using computational fluid
dynamics (CFD) software is the key to improving nagte control (Ren, Edwards &
Jozefowicz 1997). Further research has suggestadirjection of inert gases can
provide an effective means to control methane aunagons in highwall mining
applications (Volkwein 1993 & 1997). Trials at tMoura Mine of the injection of
various inert gases (nitrogen, boiler gas and carthioxide) at different injection
configurations on the current highwall mining opena have been inconclusive (Kunst,
G 2006, pers. comm., 16 July).

In this investigation, a simplified two-dimension@FD model was produced using
Fluent software in order to determine the mostatiffe inert gas and injection angle for
a number of different penetration depths. Resnttcated that carbon dioxide was the
most effective of the three gases trialled (carthoxide, nitrogen and boiler gas), at an
injection angle parallel to the profile of the hwggl drive (i.e., at O degrees). The
boiler gas and nitrogen provided similar resultsot® another and were also most
effective when injected parallel to the drive fdr penetration depths. Additional
research is required to further understand howadgimise methane control measures at
the Moura Mine. Specifically, for example, a thddmensional CFD analysis would
provide a more comprehensive representation ottinent highwall mining operation.
The results of this investigation, however, shailtlin understanding the migration and
control of methane concentrations within the curfeghwall mining operation, leading
to improved penetration depth, production ratessafety at the Moura Mine.
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1. Introduction

The background to the investigation and its obyestiare outlined in this chapter. An
introduction to the highwall coal mining operatiahthe Moura Mine details the need
for effective control of methane during mining aptbvides an understanding and

appreciation for the necessity of this project.

1.1. Rationale

This dissertation is an industry-generated projecst cooperation with the
Commonwealth Scientific and Industrial Research aDigation (CSIRO) and the
Moura Mine highwall coal mining operation in Cent@zaueensland. In some regions of
the Moura Mine, high methane concentrations resultmited highwall coal mining
production. Specifically, when methane is combingtth oxygen this gas mixture has
the potential to be highly explosive, limiting pradion due to the safety risk to both
personnel and equipment. Currently, the Moura Mises a ventilation system to
attempt to control methane/oxygen concentrationgitbin safe working limits. Thus
far, however, this system has proven to be inaffecat certain penetration depths
where methane/oxygen concentrations are dangerdugly. This study aims to
develop new, more effective ventilation system wumations for the Moura Mine
highwall mining operation so that coal mining protlon can be maximised whilst
maintaining safe working conditions. The purposd acope of the study are detailed

in Section 1.4 Research Objectives.

1.2. Background

The mining industry is a major contributor to thestralian economy as Australia is
one of the major coal producers of the world. Twe main mining methods currently
used in Australia for extracting coal are surfacming (opencut) and underground

mining, as shown in Figure 1-1.

Surface, or opencut, mining is where overburdert éifid rock above the coal seam) is
removed by large machinery such as draglines (gped-1-1) in order to expose the
coal seam, which is then removed by additional nmacli. Overburden is then
replaced and the site is rehabilitated. Presesiisface mining is the most cost-

VENTILATION OF HIGHWALL MINING TO CONTROL METHANE CONCENTRATION AT THE MOURA MINE]
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DRAGLINE . a8 HIGHWALL (GOAF)

COAL SEAM l

SURFACE MINING

\

LONGWALL
UNDERGROUND
MINING

Figure 1-1 Coal Mining Methods (Trevor 2004)

effective mining method when the coal seam is aedidistance from the surface. This
distance is based on an economic depth limit catedstrip ratio, which is the ratio
between the overburden and the coal seam thickn&éen the coal seam drops below
the economic limit for opencut mining it becomesreneconomical to mine the coal
using underground mining methods. There are twim maderground mining methods,
including the board and pillar method and the loaljwmethod. Longwall mining is the
most common underground mining method used in Aliatr(Trevor 2004) and
involves the development of large rectangular dook coal, called panels. These
panels are extracted through a single continuoagess using a longwall mining
machine called a ‘shearer’ which traverses the famad, as shown in Figure 1-2. Self-
advancing hydraulic roof supports hold up the rlobve the shearer as it advances and

then move forward, allowing the roof behind to aphe.

As many surface coal mines near the end of the@nauwic lives, new mining methods
must be employed in order to maintain productibtighwall mining and trench mining
are relatively new mining methods that have bedrodiuiced to Australian surface
mining operations. Highwall mining was developgedfically to extract additional
coal from surface mining operations when undergdomming methods are found to be
unjustified. It is a cheaper and safer methodxtéfaeting coal than underground mining

methods. The method involves unmanned equipmanhidhused to cut unsupported
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Figure 1-2 Underground Longwall Mining (Trevor 2004)

drives into the opencut highwalls, as shown in Fegi+3 (Hargraves & Martin 1993).
As such, this is a rapid method of extracting doaflore roof strata within the drive
begin to fail. Trench mining uses a combinationcohventional surface mining and
highwall mining. Specifically, draglines are us&m uncover coal which is then
removed, forming trenches that outline large blocKk$ie coal beneath these blocks is
then extracted using the highwall mining methodslaswn in Figure 1-3 (Hargraves &
Martin 1993). Advances in modern highwall mininguggment have not been fully
utilised in some mines because of an inability ntain safe methane/oxygen

Dragline

Overburden Blasthole

.-r(

”Fﬁﬁf/’?f?//’f"
L (0

s 22

Coal Seam

Highwall
Mining / //
System /
Figure 1-3 Trench Mining (Holman, McPherson & Loomis 1999)
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concentrations. Highwall mining ventilation systerare used to dilute methane
concentrations through the injection of inert gageeviding safer working conditions
to the highwall mining environment for both persehand equipment. Improving the
effectiveness of the ventilation system has themq@l to maximise both the production

and safety of the mine.

1.3. The Problem

The Moura Mine was the first coal mine in Austrataintroduce the highwall mining

method. This mine has long been considered aygasse, meaning there are large
guantities of methane found within the coal seaih.has been identified that the
penetration depth of highwall mining equipment baen limited in some parts of the
mine by the ventilation system’s inability to minga methane/oxygen concentration
levels to within safe working limits (Kunst, G 2QQ6ers. comm., 16 July). As noted
above, the ventilation system uses inert gasestegeinto the highwall drive during

mining in order to maintain safe methane levelshas been found to be effective at
predetermined penetration depths for the variog®ons of the mine (Balusu, R 2005,

pers. comm., 3 October) Full details of these @@t are provided in Chapter 2.

1.4. Research Objectives and Overview of Methodolog vy

The primary objective of this project is to ideptiivays to reduce methane/oxygen
concentrations as much as possible so that highseall mining can be extended to
deeper penetration depths, extracting as much a®as possible without increasing
safety risks. Using computational fluid dynami€s$=D) software (specifically, Fluent),

a number of models will be generated incorporathrge specific factors: penetration
depth, injection of inert gas (in this case, carb@xide, nitrogen and boiler gas) and
angle/direction of injection of the inert gas. this way, the study aims to identify the
effectiveness of the use of each of the differemwrti gases, at different angles of

injection into the drive and at varying penetrata@pths.

In order to achieve this objective, background nmfation and research relating to the
ventilation of highwall coal mining, in general,caat the Moura Mine, specifically, will

be explored and a detailed literature review waldompleted. Proficiency in the CFD
software program Fluent will also be developed meo to perform the necessary

analyses. Finally, CFD analyses will be carrieduming Fluent in order to predict the
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behaviour of gases with regard to mixing and difaswithin the highwall drive for
each model generated, incorporating the three facis noted. Specifically, these
analyses will aim to identify the benefits and liations of each of the models generated
and, ultimately, to determine the optimum configiora with regard to the control of

methane/oxygen concentrations during highwall coiaing.

1.5. Dissertation Overview

This dissertation begins with an introduction outly the objectives of the
investigation and the methodology undertaken ineortb meet those objectives.
Chapter 2 provides a background into coal mining @@ various methods of mining,
as well as the significance of methane in coal mim@d at the Moura Mine,
specifically. Chapter 3 provides further backgmdwmith a detailed review of recent
and relevant research into the control of methandighwall mining applications.
Chapter 4 discusses the computational fluid dynarf@=D) approach and outlines the
methodology used to investigate the highwall miropgration at the Moura Mine. The
results of the CFD analyses are then presenteddeutdissed in Chapters 5 and 6,

respectively. Finally, a conclusion to the invgation is presented in Chapter 7.

1.6. Conclusion

By identifying ways to reduce explosive methaneffety concentrations at the Moura
Mine’s highwall coal mining operation, this invegtion is expected to provide a
greater understanding of the behaviour of gaselsirwthe highwall drive. It is also
expected to elucidate various possible ventilatonfiguration systems that might be
utilised during mining, based on varying the tygeinert gas used and the angle of
injection of the inert gas at various penetratiepttls. The outcome of the study should
provide a more effective means to control methanthe& Moura Mine which should
subsequently lead to improved productivity andtyafe
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2. Background

Background information on highwall mining and metbain general, and at the Moura
Mine, specifically, is detailed in this chapterfdre reviewing findings from previous
research studies in Chapter 3. A variety of infation resources were accessed,
including online sources (databases, websites adthe texts), books and journals as
well as material provided by both the CSIRO andMloeira Mine in regards to methods
and equipment specifications.

2.1 Highwall Mining

The highwall mining method was specifically deveddgo recover additional coal from
surface mines once the economic limit for overbnrdemoval (strip ratio) had been
reached and underground mining methods were ntifigals (Schafer 2002). In the
past, when the economic limit for overburden renh@facoal was reached, the final
highwall marked the shift from surface mining toderground mining (Schafer 2002).
However, the capital investment necessary for ugrdend mining could not always be
justified (Schafer 2002). For these situationseaanomical recovery method for the
coal was required, hence the development of thewa mining method (Schafer
2002). Highwall mining is a hybrid mining systenittwhigh recovery returns capable
of accessing reserves at substantially less capusi and lead time compared with
underground mining methods. Highwall mining isoaless labour-intensive than

underground mining (Shen & Duncan Fama 2000).

The original highwall mining system was develop@dyéars ago in the United States in
order to mine thin coal seams in the AppalachiamMains (Hargaves & Martin 1993).
That method evolved when contractors realised dhger drills used for drilling blast
holes in opencut mines could be turned horizontallgxtract coal from the otherwise
inaccessible final highwalls. However, this auggrivas found to be very hazardous
and was thus limited to penetration depths of 5@r@&dres, making coal recovery poor
(Hargaves & Martin 1993).

Current highwall mining methods also originatedhea United States in the mid-1970s
and have been used commercially since the earl§sl98hese systems involve mining
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Figure 2-1 Addcar Highwall Mining Operation (Hainsworth, Reid & McPhee 2006)
or boring a series of parallel entries into theafihighwall coal seam. This is a rapid

method of extraction of coal before roof stratahmtthe drive begin to fail. Unmanned
equipment is used to cut unsupported drives into fthal surface mine highwalls
(Hargaves & Martin 1993). One of these methodshes Addcar Highwall Mining
system, shown in Figure 2-1. A coal rib or pillardeft on either side of the highwall
drive (hole) to support the highwall above. Thiekhess of the rib, generally one to
two metres, is important in that it must provideegulate support (Hargaves & Martin
1993). If the rib is too thin the risk of grounalfincreases with the potential to bury
expensive equipment. Conversely, if the rib is tllick the excess coal within the rib
becomes unrecoverable (Hargaves & Martin 1993) ddpth of each highwall drive is
determined by a variety of operational factors.eSéhfactors include the capability of
the equipment and the method used, the concemtrafianethane/oxygen within the
drive, geological factors influencing roof fallsdrfinally, the equipment position in
relation to pillars and the coal seam. Mined egfions are then sealed off after mining
to prevent spontaneous combustion of coal resultingnethane/oxygen explosions
(Hopkins 1999).

The areas best suited for highwall mining are thselams where at least one of the
following conditions applies:
* regions of rapid increase in the strip ratio framegonomic surface mining

range to non-viable values; may occur due to exmegttopography, unusually
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e steep grades and/or lenticular interburden (expard overburden between
seams)

» service corridors, which are areas unavailabletosentional surface mining
methods due to public roads, railways, water cauos@ther service access

* regions where there is underground activity in Iogsgams below the highwall
which can cause strata subsidence; highwall mioamgrecover the highwall

coal prior to strata movement (Hargaves & Martin 1993)

2.1.1 Highwall Mining Systems

Highwall mining equipment continues to improve, govng the way in which coal is
recovered from the highwall. A variety of highwatlining systems are available,
including the Addcar, Archveyor, Auger, Metec ang&rior methods. Each of these is

discussed in detail below.

2.1.1.1 Addcar Highwall Mining System
The Addcar or Continuous Highwall Mining system (@Hwas developed in the 1980s

and 1990s and is significantly different from tharlier designs described above
(Schafer 2002). This system involves an adaptatfan underground continuous miner
which is fully remote-controlled and uses a senésl2-metre-long cars (Addcars).
Each Addcar has its own separately driven convbgérto transport the coal from the
cutting face to the platform and stacking conveyss,shown in Figure 2-2. The
conveyer belts reduce the degradation of the coahgl transportation, have a higher
transport capacity and are less likely to jam ataly @s with auger-type systems
(Schafer 2002).

In a typical Addcar Highwall Mining system, a rexgallar hole approximately 3.6
metres wide and 3.8 metres high is cut by a rerootgrolled continuous miner to
penetration depths of up to 500 metres (Shen & Buarfeama 2001). A continuous
miner uses a rotating drum with cutting picks to the coal from the coal face which
then drops to the drive floor, as shown in Figw2. 2Rotating paddles on the front of
the continuous miner transfer the cut coal on theedfloor to an internal conveyor
which transports the coal to the Addcars or conveyrs behind it. The Addcars are
individually powered and use a conveyor systenrdondport coal to the highwall face.

A launch vehicle is used to add and remove Additeisigh the use of an upper and
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Rotating Drum

Internal Conveyor

Rotating Paddles

Figure 2-2 Continuous Miner (Holman, McPherson & Loomis 1999)

lower deck during the mining operation, as showrrigure 2-3. This launch vehicle
has an electrical power centre and power suppliesand it provides ventilation gases
and a water hose to aid visibility at the face bpmessing dust. The system can
tolerate minor roof falls of less than 0.2 metiask, but major falls of more than 0.3
metres can cause serious damage and the entramhesdquipment, significantly
undermining this method and making this system imiske under poor geological
conditions. This system has a maximum productata of 124,000 tonnes of coal per
month (Shen & Duncan Fama 2000). It is capableeobvering from 54-67% of the
coal in a highwall (Holman, McPherson & Loomis 199%reater penetration depths
are achievable with the Addcar system due the goatis miner’s ability to power tram
(self-propel) as it pulls itself into the cuttingck, rather than to be pushed as with
earlier methods. The power tramming provides nog&ons for direction correction,
however, it must overcome the rigidity of the corted string of cars (Schafer 2002).
A larger work area is required for the Addcar systeA stabiliser system has also been
introduced to this system in order to aid steeramgl tracking and improving the
accuracy of the coal removal. Laser guiding andh&ipping systems, along with better
directional control, have led to a reduction in alignment problems (Schafer 2002).
This system has been known to accommodate coalsse@mdips of up to 16 degrees.
Penetration depth at steep angles, however, igeliniby the platform’s inability to
overcome floor friction and the weight of the cdree to slipping or skidding (Schafer
2002).
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Figure 2-3 Addcar Highwall Minig ystem

(Holman, McPherson & Loomis, 1999)
In 1995, a conglomeration consisting of the Mounaé/Aunder the ownership of BHP),
Mining Technologies Australia (MTA, distributors tfie Addcar Highwall Mining
system in Australia), the CSIRO, Joy Mining andheigwell developed its own Addcar
highwall mining technology to suit Australian cotialns, as technology at the time was
focused on American thin-seamed highwall coal ngnoonditions (Syddell 1995a).
Completed in 1997, the Addcar Steep Dip Highwalhig system is capable of steep
dip mining, working on steeper inclines from 7 @P.1 A navigational guidance system
enables a penetration depth of up to 500 metrefie Jystem uses an inert gas
generation system based on the Tomlinson boiletesysto neutralise methane
emissions during mining (Syddell 1995a).

In comparison with its competitors, the Addcar Higii Mining system claims to have
150% more penetration depth, 90% more annual ptmoyc82% more installed
horsepower and the production of the same amoutdnofage for a reduced highwall
length (Holman, McPherson & Loomis 1999).

2.1.1.2 Archveyor Highwall Mining System

The Archveyor Highwall Mining system is the newekthe highwall mining systems.
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It uses a computer-controlled continuous minéacaied to an integrated, bendable,
continuous haulage chain conveyor with a load-@licle and control centre, as shown
in Figure 2-4. It has a penetration depth of 3@8ras and requires only two operators
per machine (Syddell 1995e).

The Archveyor system is both horizontally and \aadty flexible, with drive units every
7.5 metres to drive small sections of the conveyfris is advantageous in mining and
traversing through undulating coal seams, as te&geByis capable of turning at ninety
degrees (Holman, McPherson & Loomis 1999). Durmging, hydraulic jacks lift the
Archveyor clear of the ground, allowing the conveyo transport the coal. A main
drive unit at the end of the conveyor supplies powehe unit. The Archveyor system
can operate at seams that dip at 30° while operatiell below maximum power
(Holman, McPherson & Loomis 1999). A flexible vidation duct is mounted above
the conveyor. The miner is capable of cutting&rBetre wide opening that is from 1.8
to 4.9 metres high. The continuous miner cutslaads the coal onto the Archveyor.
At this point, the Archveyor is in its conveyor neodvith the unit raised on the
hydraulic jacks. The miner then advances forward begins to cut the coal which
begins to build up in front of the miner. Meanwhilthe Archveyor is advanced
forward. The Archveyor jacks are retracted anddbveyor is powered in reverse in
order to advance the unit. Difficulties can aiis¢hin seams where there is no room to
store coal in front of the miner while the Archveyvances. In this case, an auger-

headed continuous miner is used (Holman, McPhegslboomis 1999).

The operators are not required to be situatedant fof the drive, as the control centre
and load-out vehicles are located off to the sidlbis provides greater safety in the case
of a coal dust or methane explosion. A methaneitmiamg system is also incorporated
into the system that warns the operator at 1% curet®on and shuts down the highwall
mining machine at 2% concentration (Syddell 1995e)he system has a fully
automated mining cycle controlling cutting, loadisgd conveying of coal, all of which
are computer-controlled. The continuous minerrggammed to progress through its
cutting cycle with the conveyor following behindlachine navigation and coal quality
are maintained by instruments located on the mamer are analysed by the computer
(Syddell 1995e).
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Figure 2-4 Archveyor Highwall Mining System (Holman, McPherson & Loomis 1999)

2.1.1.3 Auger Highwall System

The Auger Highwall Mining system involves drillirend augering the coal from the
final highwall coal seam. It is the simplest andstincost-effective extraction method.
Large diameter augers are used to bore into thkeseaan in order to extract the coal
and additional auger segments of flights are addeboring continues into the face, as
shown in Figure 2-5 (Schafer 2002). The directodrihe auger is determined by the
initial alignment of the auger platform and theidity of the connections between
flights in order to provide adequate stiffness dgrboring. Augering provides a means
both to cut and to transport the coal to the serfathis system is capable of working
under difficult geological conditions due to therosig circular profile cut and
substantially lower cost of auger flight replacemen the case of roof failure, in
comparison to other highwall systems. However,Ahger system is very difficult to
guide due to the soft and hard roof and floor cbowls and the tendency for the auger
to drift downwards due to its weight, all of whicontribute to directional problems
associated with deflections during drilling. Thepth of the auger holes is limited by
the horsepower of the rotary drive and the outeafrs contamination resulting from the
lack of guidance (Schafer 2002). Currently, tlystem has a maximum penetration
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Figure 2-5 Auger Highwall System (Holman, McPherson & Loomis 1999)

depth of 200 metres with a maximum production cdt€0,000 tonnes per month (Shen
& Duncan Fama 2000). A variety of different sizaayers can be used in succession
during the process. Small augers create unsaldai#e resulting from the coal
grinding upon itself due to the lack of space witthie auger flights as it is moved to the
surface. Large diameter augers have a reducedigirod of fines due to the greater
space between flights, minimising the grindingha toal upon itself (Schafer 2002).

Significant improvements have been made to AugghWall Mining machines through
more powerful drives, multi-speed transmissions gueter flight lengths, which have
all contributed to the improved productivity of tAeiger Highwall Mining system. The
advantages of this system in relation to the otHessribed are its ease of operation and
maintenance, ability to work under difficult geolcg conditions, strong circular
profile in boring and requirement of minimum capitavestment. These advantages
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make the system more favourable for poor roof door fconditions (Shen & Duncan
Fama 2000).

2.1.1.4 Metec Highwall Mining System

The Metec highwall miner uses a cutting head aridegeng pan from a conventional
underground continuous miner to feed a string @lased augers which are added as
the miner advances forward. A push beam is usddrte the cutting head forward
from an outside platform. Conveyers transfer tbal ¢drom the auger to the platform
and onto a stacking conveyer. When originallyadtrced, this system had improved
productivity rates compared to the Auger systenaweler, this is no longer the case
due to improvements to the Auger system. Applyimg force through the push beam
over long distances is a major disadvantage to dhstem, limiting the penetration
depth. The augers used to transport the coaldcstinface grind the coal producing

unsaleable fines, as indicated with the Auger HiglhMining system (Schafer 2002).

2.1.1.5 Superior Highwall Mining System

The Superior Highwall Mining system is an extensiointhe Metec system with

programmable controllers and cutter-head optionsatccoommodate various seam
heights. The Superior system has a rear disclagtien, however, it is still reliant on

proper alignment and lateral stiffness for direadio control and push in order to
advance the cutter head. Penetration depthsraredi by the platform’s inability to

provide sufficient pressure for the cutter-headdwance (Schafer 2002).

2.1.2 Highwall Coal Mining in Australia

The first highwall coal mining operations were attuced to Australia in 1989 by BHP
at the Moura Mine in Central Queensland. Ten reptfar openings were driven into
the highwall to a depth of 30 metres using an erpartal Addcar Highwall Mining
system (Shen & Duncan Fama 2000). In 1991, CalMiee was the first to
commercially use an Auger Highwall Mining systerBoon after the trial at Callide,
Auger mining was also employed at the German Ceeek Oakey Creek Mines. The
two main highwall mining systems currently usedAustralia are the Addcar and the
Auger Highwall Mining systems. Since the introdactof highwall mining in 1991,
there are highwall coal mining operations todayainleast 13 mines throughout
Australia (Shen & Duncan Fama 2000).
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Highwall mining methods that originated in the WaitStates have had to be adapted in
some cases for use in Australia due to the vanaiio mining conditions. The
differences between Australian

Table 2-1 Highwall Mining Conditions Comparison (Seib & Boyd 1995)
United States Australia

Highwalls: 10-30m Highwalls: 40-160m

Seams: 0.5-2.5m Seams: up to 4m

Single pass highwall mining generally Multiple pasi®ing generally

Machinery exposed to minimal risk Collapse woulgénenajor costs

Final highwalls readily available (contoubDifferent regions of interest

mining)

Recoveries of approximately 60% frognRRecoveries of approximately 30% from

thin seams thick seams

Operator Judgement Geotechnical studies

Relatively simple scheduling Complex interactionsiedto multiple
passes

and American highwall mining conditions are outtine Table 2-1. Highwall mining
methods have a substantially lower capital cosly &nto s the cost of conventional
dragline surface mining operations. The annuaputuper employee of 30-40,000
tonnes is 3 to 4 times that of the surface miningrage (Pinnock 1997). The major
disadvantage of highwall mining is the risk that thining machine will be buried and
potentially unrecoverable. Improved engineerind gaological knowledge, however,
have led to a reduction in this risk. With a largember of surface mines nearing the
end of their economic lives, highwall mining offergerators a means to extend the life
of a mine and this is likely to become a more prant mining method in the future
(Pinnock 1997). The Moura Mine is an example obal mine where highwall mining
techniques have been introduced with good results.

As new surface mine deposits are diminishing, tlaistry is moving toward highwall

and longwall mining methods for Australian coalresa The development of highwall
mining technology offers great potential, althougtas yet to produce substantial
output due to a lack of widespread utilisationhég stage (Pinnock 1997). Methane
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released from coal during mining poses an immimesktin regard to explosions, and
this risk has been associated with coal mining ajpmrs from their beginning.
Controlling methane with regard to reducing pot@htifatal explosions is an important
factor in providing miners a safe place to workweedl as improving productivity. It is
important for Australia to continue to support sl and development, embrace new
technology and invest in new equipment in ordentontain itself as a market leader in

coal mining throughout the world.

2.2 Methane

Methane is an odourless, colourless and tastebesssatso referred to as natural gas. It
consists of one atom of carbon and 4 atoms of lyaro(CH). High methane
concentrations can cause oxygen deficient atmosphdiammable situations or
explosive environments. Combustion requires foethane), oxygen and a source of

ignition. Methane burns with a pale blue flameg&hlager et al. 2001).

Concentrations of methane at a point source irgcatmosphere with an excess of 5%
are readily ignitable. Atmospheric methane conegioins between 5 and 15% can
ignite and explode at standard pressure and tetuperaThe most powerful explosive
methane/air mixture is where there is 9.5% methase,the combustion process
consumes all methane (@Hand oxygen (@), producing carbon dioxide (GPand
water (HO), as a result (Eltschlager et al. 2001). Thetrea between the methane and
oxygen can be depicted as:

CH4 + 20, — CO3 + 2H,0
High levels of methane can quickly dilute from gnitable to a flammable level. In
either case, an explosive environment can be aedtemethane is allowed to
accumulate in an enclosed space. An explosiva@mwvient exists when methane and
oxygen combustion can self-propagate throughout ietune, independent of the
ignition source. Ignition sources can be generdtedugh electrical connections,

sparks from tools or machinery and/or open flanedis¢hlager et al. 2001).

Methane propagates from high to low pressure zoriesn higher to lower
concentrations and by molecular diffusion. Molecuiffusion is a prominent factor in
the distribution of methane when flow rates arearely low to stagnant. Methane has

a high diffusion rate. The concentration of a gaseeported as a percentage or as
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Figure 2-6 Coward Diagram (Gillies & Ja ckson 1998)

parts per million (Eltschlager et al. 2001). Exgi@ gases are most commonly reported
as a percentage of their explosive limit. The Lo#gplosive Limit (LEL) and Upper
Explosive Limit (UEL) are limits used to define thenge at which flammable gases or
vapours become explosive when mixed with air. Meéconcentrations of between
5% (its LEL) and 15% (its UEL) at standard tempamt(20°C) and pressure (latm)
will explode given an ignition source (Eltschlager al. 2001). In 1929, Coward
determined a methane/oxygen relationship from aogpidata which indicates whether
mixtures of methane and oxygen in mine air are nineaplosive range (Gillies &
Jackson 1998). The Coward Diagram is shown inreige6.

2.2.1 Coal Bed Methane

As noted earlier, methane is a natural gas thatrasluced during the coalification
process. Coalification is the biochemical and feadical process whereby, through
time, heat and pressure, dead and buried planarfargmaterial is transformed into the
combustible carbonaceous material known as cotddidhger et al. 2001). As much as
98% of the gas stored in coal beds can be methéhetlve remaining gas made up of
carbon dioxide (Cg), nitrogen (N) and trace amounts of hydrogen sulphide and higher
hydrocarbons (such as ethane, propane and butamaag 2001).

VENTILATION OF HIGHWALL MINING TO CONTROL METHANE CONCENTRATION AT THE MOURA MINE
| PAGE 17



ENG4111/4112 Research Project Chapee- Background

The first stage of coalification begins with expasiwf the dead plant to aerobic
(oxygen-utilising) bacterial decay that metabolisesst of the oxygen present and
produces carbon dioxide. The second stage of destpyres anaerobic (non-oxygen-
utilising) bacteria, where the first phase of meth& produced through the respiration
of the bacteria. The remaining oxygen found inrbgdrbons is released as waste in the
form of methane and carbon dioxide in a proces&niswn as biogenic methane
formation (Lyman 2001). If the coalification pra@seis deep enough to be thermally
altered (thermogenic process), a second phase tbfame production can occur. When
the temperature rises above 50°C through incredspth or geothermal gradient, a
thermogenic process begins producing additionaérvatrbon dioxide and nitrogen, as
well as a small amount of methane. However, if¢bal temperature is greater than
120°C, the production of methane exceeds carboxiddiowith maximum methane

production at temperatures of 150°C (Lyman 2001).

The most common gases, by-products of the codibicgprocess, found in coal are
carbon dioxide and low molecular weight hydrocahench as methane and ethane
(Eltschlager et al. 2001). Coal is a porous makevith macro-pores and micro-pores.
The macro-pores are mainly formed by the joint@yst, cracks and fractures in the
coal. The majority of the gas is absorbed by therorpores providing a large surface
area of 200-300 square metres per gram of coalis as within the coal can be
liberated when environmental conditions change.e Ruthe large surface area within
the micro-pores, coal has the capacity to stogelanlumes of gas (methane) within its
pores. Saturated coal can hold up to 21 cubidroetres of methane per gram of coal
(Eltschlager et al. 2001). As coal is mined, thetlrane flows in two ways: from the
solid coal to fractures and wells, and through ¢hieactures and wells into the mine.
Deeper underground mines are usually gassier thalogier mines and produce the
highest daily methane emission during mining. ®kerburden thickness and type of
rock generally affect the amount of methane trappithin the coal seam. The actual
methane emission rate is relative to the productaig, type of mine and amount of

methane in the coal (Eltschlager et al. 2001).

2.2.2 Spontaneous Combustion of Coal

The low temperature of oxidisation, in combinatwith the absorption of moisture of

the dry or partially dry coal, creates sourcesedttwhich can lead to the spontaneous
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combustion of coal. The oxidisation process is demphowever, a simplified basic
reaction of carbon (C) and oxygen (O2) producindpca dioxide (CQ) and heat can
be depicted as:

C+0;— CO; + Heat

This chemical reaction is exothermic (releases)haad the rate of the reaction will
double for every increase in 10°C (Lyman 2001)th# heat produced cannot escape,
the coal temperature will pass its ignition pointiaa coal fire will occur. Other key
factors that influence the combustibility of theatare air flow, particle size, rank
(description of the type of coal), temperature,itpyicontent (presence of sulphur
materials that may accelerate spontaneous heatygglogical factors and mining
methods (Lyman 2001). Accumulation of fine coaitigées within underground and
highwall mining regions also increases the potémigk of spontaneous coal fires.
Some mines control these vulnerable coal regionspbgading out the coal to dissipate
the heat or re-compacting the coal in order to affitthe oxygen and release heat
produced by the coal through radiation (Lyman 2001)

2.2.3 Methane in Coal Mines

Mine gases, principally methane, have been a hawaniners since the beginning of
underground coal mining. Many coal miners havel diem asphyxiation or explosion
migration and accumulation of methane during miniiigtschlager et al. 2001).
Methane is considered to be the most frequent itoest found in mine explosions.
Generally, the ignition of the methane/oxygen nrigtraises and disperses flammable
coal dust from the ribs and floor of the coal mareating an atmosphere capable of
rapid combustion. Explosive methane/oxygen coma&ohs, when ignited, can be
isolated and rely on coal dust in the air to pr@paghe combustion flame throughout
the mine, including to other potentially dangerangthane/oxygen concentrations
(Lyman 2001). Today, underground mines use fansréate low pressure zones to
move fresh air throughout the mine in order to teiland remove the hazardous gases.
However, modern mining equipment and methods apalda of the high production
rates which also release increased levels of metlaand coal dust into the mining
environment, increasing the risk of explosions. ntation systems help to distribute
finer coal particles throughout the mine which, gassy mines, can result in the

liberation of significant volumes of methane wikte tftormation of coal dust (Eltschlager
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et al. 2001). Methane hazards during surface mianme rare, as gas is freely vented to
the open atmosphere. Furthermore, coal seamgheesurface have, over time, bled a
large percentage of their methane to the surfaltecfitager et al. 2001).

Methane in underground mines is a substantial probthat must be constantly
monitored and controlled as the mining process sepdarge surface areas of coal in
confined spaces. Under these conditions, methamegickly accumulate to explosive
levels if not properly controlled (Eltschlager dt 2001). The principal method of
controlling methane in underground mines is vetiita Close monitoring by
personnel and machinery of methane levels at thkimgpface and all other parts of the
mine is essential to maintaining a safe workingiremment. High methane or gassy
coal seams require additional degassing of the séafore mining. This is
accomplished through the use of drilling degadiitca wells to remove methane;
however, this process is time consuming. In soaseg the methane is collected and
marketed to the natural gas industry and this igmareasingly common contributor to
the production of natural gagrglo Coal: Moura Coal Mine, Queensland, Australia
2005).

2.2.4 Inert Ventilation Gases Used to Control Metha ne
Concentration in Coal Mines

Ventilation systems using inert gases provide &caf’e means of controlling methane
concentrations to predetermined depths under atyaof highwall mining conditions.
Currently, three commercial inert gases are aviailab coal mines for use in the
ventilation and control of methane concentrations highwall mining operations.
These three gases are nitrogen, carbon dioxidebaiter gas (Balusu, R 2005, pers.

comm., 3 October).

Boiler gas is the product of a combustion procesgiio consume and convert oxygen,
producing a mixture of nitrogen (85%), carbon ditex(14%) and oxygen (1%Mnert
Gas Generators2004). The composition of this mixture is influedc by its
constituents, with a density of 1.23 kilograms palic metre (1.23kg/M at 27 degrees
Celsius (300K) ( Kreith & Bohn 2001). The inerisga produced at the highwall site as
required by a Tomlinson Boiler, as shown in Figfé. The boiler is available in a

number of different capacities with regard to theduction of boiler gas. The carbon
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Figure 2-7 Tomlinson Boiler (Inert Gas Genera tors 2004)

dioxide and nitrogen gases cannot be produced tenasid must be purchased and
transported onto the mine site. The densitieshefdarbon dioxide and nitrogen are
1.80 kilograms per cubic metre (1.80kdjmand 1.14 kilograms per cubic metre
(1.14kg/n), respectively, at 27 degrees Celsius (300K) (itKr& Bohn 2001). The
injection temperatures of gases vary greatly withlioiler gas provided at cooled post-
combustion temperatures of 40-60 degrees Celsihge whe liquid nitrogen is well
below O degrees Celsius (Balusu, R 2005, pers. cofifctober).

2.2.5 Regulation of Methane in Queensland Coal Mine s

Regulation of coal mines in Australia is the respbifity of the State governments. In
the past, States were totally responsible for coiale regulations. These regulations
were highly prescriptive, describing in detail heafety could best be achieved with the
presumption that the government was in the bestipogo determine the health and
safety of miners using inspectors to ensure compéigQueensland Coal Mining Safety
and Health Act 1992006). In the 1970s, a trend toward the self-raguh of
occupational health and safety in coal mines beghith provided workers with
various rights to be involved in decision-makingbabsafety, as well as the right to
information and training. Self-regulation is na-gegulation, as companies are still
accountable to the government. Self-regulatioasremployers from abiding by State-
set rules, allowing them, instead, to opt to m@segnment performance or goal-setting
standards in regard to particular issu@sdensland Coal Mining Safety and Health Act
19992006). Governments write codes of practice aseguid achieving determined

goals; however, employers are under no obligatbdioltow these rules if an equally
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effective system is otherwise in place. The falaf an employer to exercise their duty
of care can lead to substantial penalties. Th® Id%eensland Coal Mining Safety and
Health Act states that coal mines are requiredatept the safety and health of persons

involved in, or who may otherwise be affected lng dperation of coal mines.

Under the 1999 Queensland Coal Mining Act, coal enirare responsible for the
identification and assessment of risks and anabst management of hazards, along
with relevant reporting and recording of safety drelth information. Under these
regulations, an individual may not enter a highwailthing excavation area unless:
» abnormal circumstances are declared
e acompetent person is present to supervise ERAbpes (explosive risk
zones; refer to following paragraphs)
» risk assessment has been carried out
e adequate controls are in place to measure safell/tahes
e the individual is competent to work safely undetgrd and carries a self-
contained self-rescuer
If highwall mining is carried out in conjunction thi opencut mining, the mine is also
responsible for providing the safety and health ag@ment system for the highwall
mining activity. This system must adequately adsire
* entry and evacuation of the individual from thehwgl|
« fire prevention and fire fighting equipment
» identification and marking of explosive areas alenth safe areas for cutting
and welding
« continual monitoring of oxygen and methane at théireg face of the
highwall
* measurement of control flooding
e communication on the surface when an individuaasking within the

excavation (Queensland Coal Mining Act 1999)

Gas monitoring systems are required to detect gasentration levels within the mine
which are relayed to personnel at the surface.s@ tevels must be recorded to a log in
a way that can be easily accessed by all emplogtegdshose employees must have the
ability to activate an alarm if gas levels are edsxl. Coal-cutting machines are
required to have at least one methane monitodfttiedetect methane concentration
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near the cutters. They must be able to autoniigtietivate a visible alarm if methane
concentration exceeds 1% and trip electricity sypgplthe machine if concentration
exceeds 2% (Queensland Coal Mining Act 1999).

The Queensland State Government has identifiea thrajor risk zones in regard to
methane concentrations within a mine. These zanegenerally referred to by their
acronyms ERZO, ERZ1 and NERZ. Firstly, the ERZOars explosive risk zone
category zero, whereby the general body of the etnation of methane exceeds 2%.
An ERZ1 is an explosive risk zone category one, relne the general body of the
concentration of methane is between 0.5% and 2%0 Wcluded in this category are
situations where coal or other material is beingedij regions of poor ventilation, goaf
areas (collapsed and post-mined underground regiansi a number of other
specialised cases. Finally, the third risk zon@ansNERZ, negligible explosive risk
zone, whereby the general body of methane condmemtres below 0.5% Queensland
Coal Mining Safety and Health Act 192006).

2.3 Moura Mine

The Moura Mine is located 450 kilometres northwebktBrisbane in the southeast
corner of the Bowen Basin coal reserve, as showApjendix B. The Moura Mine is
part of the recently formed Dawson Complex, madeotia number of surrounding
mines. The mine first commenced mining in 1961 isnohe of the longest established
coal mining operations in Central Queensland. Tihiee has changed ownership
several times over the past 20 years and is clyrewned by Anglo Coal Australia Pty
Ltd (51%) and Mitsui Coal Holdings Pty Ltd (49%Anglo Coal: Moura Coal Mine,
Queensland, Australia005)

Both surface and underground mining have been faethe extraction of coal since
the mine began operations. A highwall mining operawas first trialled in 1989 and,
recently, the first coal bed methane recovery dmeravas establishedAfglo Coal:
Moura Coal Mine, Queensland, Austral2005). The coal at the Moura Mine is
contained within six major seams that average 3etres in thickness and dip at 5 to
12°, comprising highly volatile, low ash bituminocsking and steaming coal. These
seams merge, split and thin out in different regiohthe Moura Mine mining leases.

Seams are given alphabetical titles with the ‘Adreecomprising that closest to the
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surface Anglo Coal: Moura Coal Mine, Queensland, Austr&i205).

The Moura Mine currently has the capacity to pred@csMt/y of thermal coal and

4.5Mtly of soft coking coal. Coking coal resena® estimated at 771Mt and are
accessible only by underground mining methods. -blking coal reserves are
estimated at 234Mt, of which three quarters is ssibde only through underground
mining methods. The coal is exported to Australiaiajor export markets of Asia,

particularly Japan, and Europe. The Moura Mineuisently expanding its operations,
combining with the adjacent Dawson and Theodoresiepinto the Dawson Complex

mine, which has a capacity of 5.6Mt/y of thermadldor power generation and 7.1Mt/y
of coking coal Anglo Coal: Moura Coal Mine, Queensland, Austr&i205).

2.3.1 Coal Mining Operations at the Moura Mine

Surface mining has accounted for all coal prodwatetie Moura Mine since 1994. The
underground mining operation ceased in August 1894 to a fatal methane-related
accident in the No 2 underground mine. Since thiea,mine has focused on using
alternative methods such as trench and highwalingito recover some of the coal
from its substantial underground reservgsdlo Coal: Moura Coal Mine, Queensland,
Australia2005).

Blasting and draglines are used to carry out tlhmary waste stripping in the surface
mining operation. Wheel loaders and bottom dumyédra (large trucks) are then used
to extract the coal. A highwall mining system Iscaused to extract additional coal
from final highwalls that would otherwise be inassdle through the current surface
mining operation. The coal is transported 16 kigtmas to a preparation plant via an
overland conveyor belt. The coal is then crusheashed and sized before transport to
the port of Gladstone, where it is shipped to thiernational marketsAfglo Coal:
Moura Coal Mine, Queensland, AustraR05).

2.3.2 Highwall Mining at the Moura Mine

The highwall mining system was commissioned atNfweira Mine in mid-1997 with
the estimation that there would be 127Mt of highwaserves in the mine by 2012. In
addition, the Moura Mine is considered to have tehsquare kilometres that are
suitable for highwall trench mining. However, 8@¥these coal reserves are held in
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seams in that slope down between 6 and 12° andharg unable to be mined using
conventional highwall mining equipmerAr{glo Coal: Moura Coal Mine, Queensland,
Australia2005).

Under the ownership of BHP, an Addcar Steep DiphMigl Mining system was
developed specifically for the mining conditionsla¢ Moura Mine, as shown Figure
2-8. The system uses a modified Mining Technologietdar Highwall Mining
system, with the remote controlled Joy 12CM12B ewaus miner used to cut the coal
(Anglo Coal: Moura Coal Mine, Queensland, Austraidd5). A maximum penetration
depth of 360 metres is possible, with the use oA@8cars and a cut profile 3.6 metres
wide by 3.8 metres high. The miner is capable raidpcing 720t/hr, equivalent to
approximately 1.6Mt/y, of coal. Initially, methameonitoring was used only for the
first 50 metres of the drive before a Tomlinsonldro{producing inert ventilation gas)
was activated, at which point only oxygen monitgrof the inert gas continued in the
drive (Anglo Coal: Moura Coal Mine, Queensland, Austra®05). Currently,
methane and oxygen monitors are strategically pglaceund the continuous miner and

at 36 metre intervals along the Addcars (Kunst0G62 pers. comm., 16 July).

Two Archveyor Mining systems were introduced afte999 with the change in
ownership of the mineAnglo Coal: Moura Coal Mine, Queensland, Austraf@05).
However, these are no longer in use today as ysiems required high maintenance and
had lower production and cut rates compared toptteious Addcar system. The
Addcar Steep Dip Highwall Mining system was, theref reintroduced due to its
greater reliability, production and cut rates, @ni$ the only highwall mining system

currently in use at the mine (Kunst, G 2006, pessam., 16 July).

Highwall mining is carried out in four separate regaat the Moura Mine, with seam
thickness varying from 2.2-4.8 metres (Shen & DunEama 2001). The typical roof
of all seams is a thinly bedded or laminated mutsteith some pits having a stronger
laminated siltstone. The highwall roof at the Moiine is considered to be adequate,
with some roof falls of between 0.1 and 0.3 metréghere frequent falls are expected
or encountered, a layer of coal is added for amluéii support, and this has been
demonstrated to be an effective tool in stoppinganroof falls (Shen & Duncan Fama
2001). However, this approach has been ineffegtiveome pits where the coal has

been determined to be unstable and weaker thawdhe Three major instabilities have
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been recorded over the duration of the highwalrajpen at the Moura Mine, resulting
in the trapping of the continuous miner on two @omas prior to the change in
ownership to the current proprietors (Shen & Dunéama 2001).

2.3.3 Methane at the Moura Mine

In the past 30 years, three major mining disasaerthe Moura Mine have killed 36
miners, in total. Two of the explosions were htited to the spontaneous combustion
of coal, while the third is thought to have beemitied by either a frictional ignition or a
flame (Report on an Accident at Moura No. 2.Undergrounadd/$unday, ¥ of August,
19941994). As noted above, the underground miningaijma ceased in August 1994
due to the third methane-related accident. Theg#osions illustrate the risk and
danger that require constant monitoring and managewf methane concentrations in

order to provide a safe working environment forspanel and equipment.

Moura Mine is considered to be a gassy mine withdadeposits of methane (QH
released by the coaM@jor GHG Emissions Savings at Moura Coal Mine Sgmsn
Operation2003). Traditional mining practices involved religgy some methane into
the atmosphere by drilling holes from the surfate the coal seam as a safety measure
due to methane’s toxic nature to humans and this gagh flammability Major GHG
Emissions Savings at Moura Coal Mine Seamgas Operd003). The Moura Mine
has recognised methane as a potential energy so@gédarnessing it for energy, the
mine is able to reduce its greenhouse gas emissisneiethane is a greenhouse gas.
Specifically, the mine has initiated a drainagerapen for the collection of methane
for commercial useMajor GHG Emissions Savings at Moura Coal Mine Sgasn
Operation2003).

Topographically, the depth of the coal increasemfeast to west at the Moura Mine.
Experience at the mine has shown that the sousidenof the mine has no significant
methane in comparison to the northern side, whashldeen found to have high methane
concentration levels. Highwall mining operations ine southern side, with lower
methane concentration levels, have an average rpépnat depth of 360 metres.
Methane concentrations have affected the highwaling operations on the northern
side of the mine as safe methane concentration®tée maintained by the Tomlinson
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Figure 2-8 Addcar Steep Dip Highwall Mining Machine at Moura Mine (Shen & Duncan
Fama 2001)
Boiler for penetration depths greater than 160 ese(Kunst, G 2006, pers. comm., 16

July). Methane monitor results indicate the higétimne concentrations experienced
on the third Addcar behind the continuous mineslagwn in Appendix C (Kunst, G
2006, pers. comm., 16 July).

Maintaining safety has been an important aspettieohighwall mining operation. Blast
shields move down across the highwall drive openmgrotect operators once a 10
metre entry has been made. Both methane and oxygeitors are currently used,
mounted on the miner, lead car (conveyor car fahowthe miner) and every third
conveyor car onward (i.e., every 36 metres). Thesmitors are required to be
operational at all times. Additionally, inert bailgas is injected through a 150mm
flexible hose mounted on the lead car 15 metres filoe coal face (Kunst, G 2006,

pers. comm., 16 July).

The Moura Mine has developed a Gas ManagementtBlanit the conditions of the
mine. This plan is considered to be a ‘live’ doamty meaning it is continually
evolving through constant reviews and changes @lslgms are identified and rectified
(Kunst, G 2006, pers. comm., 16 July). The Gas adament Plan uses a four-level
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system based on the Coward Triangle, and can be isedppendix C. Zone 1
constitutes normal mining where methane and oxygeture concentrations pose no
risk. Zone 2 refers to restricted mining requiradgitional monitoring. Under Zone 3,
mining ceases, with monitors tripping electricalveo to shut down machines. Finally,
Zone 4 encompasses the explosive zone where thevéligs evacuated and all power
to the site is tripped. The boiler gas generatai gas monitoring devices are left
running. In time, the boiler gas flushes the me¢hand oxygen from the drive,
allowing the safe return of personnel, and miniag then continue. In some cases, a
Zone 4 situation can occur and, after the driveldesen flushed, reoccur. When mining
under these circumstances, it is uneconomical miraee and the miner during flushing

Is considered to be ‘gas bound’ (Kunst, G 2006s pssmm., 16 July).

It should be noted that it is safe to have highceotrations of methane as long as the
accompanying oxygen concentrations remain low,weldl2% concentration. This is
the case, for example, for the region around theemivhich, at the Moura Mine, has
been observed to sit in around 3% oxygen due tanfbetion of boiler gas, creating an
inert zone during mining. The majority of the nmaatk is produced from the breaking
coal at the face, releasing the greatest amoumtetiane during mining. The walls or
ribs also produce a substantial quantity of methaftaough far less than that of the

face (Kunst, G 2006, pers. comm., 16 July).

2.4 Commonwealth Scientific and Industrial Research
Organisation (CSIRO): Exploration and Mining

The CSIRO Exploration and Mining division is therdest strategic research and
development supplier to the exploration mining stdy in Australia. The organisation
conducts research at every stage of the miningegsocThe Australian mining industry
is highly productive and technologically intensiweith a focus on global markets,
international opportunities and capital competitiees. This division of the CSIRO has
undertaken numerous research projects, includisglgaracterisation and control. This
has been identified as a major issue in gassy A&liestr coal mines where sole

ventilation dilution is unfeasible and thick seaans prone to spontaneous combustion.

In 1997, the CSIRO commenced implementation of Tmennium Plan for coal

exploration and mining research. This plan focuseproject initiatives in six broad
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areas, including resource assessment, operatiomsovement, gas control and
utilisation, automation, safety and material chtaagation for fines control. The plan
is still in progress and this research projectrisompassed under its initiatives. The
plan aims to investigate ways to extend and opérestablished surface and highwall
mines and to improve the viability of undergroundih@s in order to provide new
techniques for current and future mines. The plano aims to investigate the extraction

and control of hazardous gases to improve oveaghyg (Kelly 1998).

As noted earlier, this research project, in coltabion with the CSIRO, specifically
aims to investigate the control of hazardous ggsesthane) in highwall mining
operations. Its objective is to improve the safatyl, potentially, the productivity of
highwall mining operations at the Moura Mine thrbupe study of current and new

ventilation configurations.

2.5 Conclusion

The highwall mining method continues to develop amdoffer mine operators the
ability to recover coal that would otherwise be hipato mined using conventional
methods. This mining method has become widely emyginted at Australian coal
mines, including the Moura Mine. Potentially exgilee methane gas released from coal
during mining poses substantial risks, including kbss of equipment and fatalities of
mine workers. It has been determined that the KoMine has high methane
concentrations in some regions of the mine whickrehimited highwall mining
operations. Ventilation using inert gases provigesmeans to control methane
concentrations and, thus, optimise these systeiitis twe potential to improve both the

productivity and the safety of the mine.
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3. Literature Review

A detailed literature review was carried out inardo fully appreciate the importance
of effective ventilation systems to control methamggen concentrations within

highwall coal mining operations. Previous reseanth the areas of highwall mining

and, specifically, ventilation systems was explaad is summarised here. As with the
background section, a variety of information resesrwere accessed including online
sources (databases, websites and on-line textskskend journals as well as material
provided by both the CSIRO and the Moura Mine igares to methods, equipment

specifications and results from previous reseatathiess.

3.1 Use of Inert Gas in Auger Highwall Mining

The United States Mine Safety and Health Adminigtraand the Department of
Interior, Bureau of Mines, in response to methamplasions resulting in injury,

discussed the development of technology to endine safe resumption of Auger
highwall mining. It was identified that difficudts in ventilating shafts filled by augers
and the potential ignition source from cutting biere the most likely causes of

explosions due to a lack of adequate ventilatiahwaater for cooling (Volkwein 1993).

The use of inert gases was considered to be atm@dtsolution. This process had been
considered in the past, yet had never been implEdgDepartment of Interior, cited in
Volkwein 1993). There were three primary consitleres, including the source of the
inert gas, its placement and monitoring of the iMelkwein 1993). Any gas source
with an effective inert gas concentration of greéttan 34% volume is noted to prevent
methane from igniting (Zabetakis, cited in Volkwdi@93). Sources of inert gases that
were considered included liquid nitrogen, modifdpboard inert gas generators, jet
turbine engines, the highwall auger’s diesel enginé gasoline engines. Of these, the
auger’'s diesel engine and a gasoline engine wepsechto be used simultaneously,
based primarily on cost and availability. The osygconcentrations produced by the
auger’'s diesel engine during loading and unloaduege inconsistent, and it was too
small to meet the capacity requirements of the aifmer on its own, thus the gasoline
engine was used in addition in order to providefigeht inert gas to the hole
(Volkwein 1993). The exhaust gases of the two megiwere fed into a collar
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positioned at the end of the drive. Remote samgpind handheld monitors were used
to measure methane and oxygen concentrations abliae of the hole, both during and
after mining. It was determined that inert gasvflshould be maintained until the auger
is removed from the hole. Results indicated thathane rapidly diffuses when the
auger is removed (Volkwein 1993). Long term vexitin was considered by leaving
one hole open overnight and another partially aedenn this case, results revealed that
methane concentrations had diminished and thainigawles open to self-ventilate
resulted in a greater reduction in methane conagors than with the partially closed
hole. The use of a shroud to cover the collaheftiole in order to inject the inert gas
was found to be a simple and effective means ahieéiting possible methane
explosions with adequate methane monitoring (Volkw®93).

In another study, building upon his 1993 findings]kwein (1997) described various
methods to monitor and control methane risks inekugpe highwall mining. Methane
liberated during mining can result in unsafe com@ions as it migrates to the surface.
There are three major options available to mineraipes to help prevent ignitions,
including the use of blast shields, ventilatiore@ting low pressure systems in order to
move gases throughout the shaft) and pumping g&st through the shaft. Blast
shields are unacceptable, as any unplanned explasiopotentially unsafe, and
ventilation is unpredictable, as it is difficult tonplement effectively, cannot be
monitored and increases the risk of a coal dustosign (Volkwein 1997). Pumping
inert gas through the shaft appears to be theaffdgtive means of preventing methane
ignitions and has led to a greater understandingoaf methane accumulates in Auger

type highwall mining (Volkwein 1997).

Volkwein’s (1997) study used handheld monitors ¢égord methane concentrations
throughout the shaft during mining. The invesigatrevealed that gas must replace
the volume of coal removed from the mining face.mlost cases, it is replaced with air
from the collar of the hole or surface end of tikehas well as methane liberated from
the coal. The greatest concentration of methasebban identified at the coal face or
cutting face where the majority of methane is ldbed as the coal is cut. This

replacement phenomenon occurs in any dead headiblind hole situation, as is the

case with all highwall mining. Use of inert gases been identified in the past as a

means of preventing highwall ignitions in Augeréypghwall mining (Cyrus, cited in
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Volkwein 1997; Poundstone, cited in Volkwein 1997)However, the system was
never implemented primarily due to an inability deliver inert gas to the coal face
because the auger filled the entire cross-sectiares of the hole. Volkwein’s (1997)
technique involves filling the collar of the augeole with inert gas and using the
displaced coal to provide a motive force to tramsgwat inert gas to the coal face, thus
preventing ignition of methane and coal dust byuogty oxygen levels to below
explosive limits. The inert gas is generated frandiesel and gasoline combustion
process similar to that of boiler gas. Resultsashples tested during mining gassy coal
indicate that all conditions remained non-explositégh methane concentrations were
recorded, however, the oxygen concentrations rezdabelow the 10% required for
explosion. Volkwein (1997) notes that one millimnnes of gassy coal have been
mined in the United States using this system aatl ttie improved knowledge of gas
movement in the auger hole has led to this simpte effective gas system to protect

mine workers.

3.2 CFD Modelling of Methane Flow

Ren, Edwards and Jozefowicz (1997) identified thataccurate prediction of methane
emissions into mine workings is important in theige of adequate ventilation systems
and methane control, specifically for longwall mmigi This study developed a
numerical method to simulate methane flow throughta or unmined coal involving
CFD analysis and laboratory tests. Results froenldaboratory tests were incorporated
into the CFD model.

In longwall mining, most of the methane originatesm the source beds above and
below the coal face rather than from the facefits€he release of methane from source
beds and migration is dependant on the changiegssrattern within the strata (Ren,
Edwards & Jozefowicz 1997). Gas emission can leglipted using any of three
approaches, including empirical results of modststistical analysis and numerical
analysis (CFD) involving an understanding of theenfying principles of methane flow
transport in coal seams (Dixon, cited in Ren, Edwa& Jozefowicz 1997). CFD
analysis can be supplemented with field testing ahda fraction of the cost of
underground testing. A number of mathematical fsodad computer programs have
been developed over the past 40 years to predithame flow from coal seams.

However, these models and programs were unabletide detailed information on a
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variety of phenomena in order to fully understamethane flow migration, as can be
done with CFD software. Fluent CFD software wasdut perform both two- and
three-dimensional analyses using a porous mediudehand general momentum sink
which was able to simulate flow media through rbekls (Ren, Edwards & Jozefowicz
1997). The geometry of the mine was an importansitleration in creating the model.
Permeability characteristics of the rock were talem laboratory results of rock
samples. Atmospheric pressure was considerechérdadways used to develop or
access a longwall panel. Results indicated thatrdtadways acted as pressure sinks
through which the methane migrated. More methaigated from the ends of the
panel where the mining induced fractures were ¢esspacted than those at the centre
of the panel. These results were validated weldfdata (Ren, Edwards & Jozefowicz
1997).

Given specific mining and geological conditionsesa models can predict methane
emissions and the pattern of migration within loaiwmining operations. This

information provides both a means of effective ilatibn systems and optimisation of
methane drainage schemes. Ren, Edwards and Jezef@®97) suggested further
research into the development of new methods tdigirenethane emissions from mine
openings, gas migration in adjacent areas and piienisation of methane drainage

schemes, which may benefit further methane control.

3.3 CFD Analysis of Methane Safety of a Continuous
Miner

Methane ignitions from the cutting picks of conthmg miners are a hazard in all
underground coal mining operations. A study cotetidoy Cook (1995) aimed to
quantify methane flow and behaviour around contusuaniners during mining

operations. Six methane monitors mounted at @iffefocations on a continuous miner
logged the methane concentrations during mining aven-hour period, with readings

recorded every ten seconds.

Minimal variation in methane concentrations betwsensors was recorded over short
two-hour trials for a confined region where the tdation was restricted. However, this
was not the case over the extended six- and sewm@n-periods, during which
substantial variation in methane concentrationswegrded between sensors, in this
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case, ranging from 0.6 to 3% methane (Cook 1993%he left-hand side of the

continuous miner experienced the highest methaneecdrations, influenced by the
face scraping action of the cutting drum and dioeatl water sprays used to prevent
ignitions from the cutting picks (Cook 1995).

A CFD analysis was carried out using STAR-CD sofena order to evaluate different
ventilation practices for the continuous miner. eTitesults of the two- and three-
dimensional CFD analyses showed methane concemsathat were three times larger
than those recorded earlier in an actual miningatibn. This difference was
determined to be due to an exaggeration of metbamsgsions in the computer analyses
in order to ensure sufficient variation for the hsete concentration contours

graphically shown in the CFD results (Cook 1995).

Methane levels were found to drop rapidly withie first few metres of the coal face
and there was no evidence of layering around théragous miner, as long as sufficient
ventilation was provided. The methane was alsmdoto mix rapidly, and to remain
mixed, with no tendency to layer, all due to thebtdence (Cook 1995). This study
also found that, for blind headings or holes, trethane required a greater distance to
dilute via mixing with ventilation air, as less agached the coal face. Additionally, the
lack of sufficient ventilation in these blind heags$ or holes resulted in the diminished
effectiveness of the directional sprays clearinghawee from the face, causing methane
concentrations of greater than 2% in the cuttingndrand its supporting boom.
Methane monitors located at the rear of the contisuminer (a cleaner environment
than the front of the machine where monitors cacobve blocked with dirt and mud)
generally produced similar results to the data geaed from the CFD analysis.
However, the highest methane concentrations wererded by the sensors located

toward the front of the machine, as indicated ea(fCook 1995).

3.4 Control of Methane at the Moura Mine

The Moura Mine has identified that the average patien depth of the steep-dip
Addcar highwall mining operation is limited to 1@@etres on the northern side of the
mine in comparison to 360 metres on the southede, sdue to high methane
concentrations (Conway, B 2006, pers. comm., 11lApit reportedly takes an average

of 15 hours to achieve a penetration depth of 36Gas on the southern side, where
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methane concentrations are low, compared with 18shim achieve a penetration depth
of 200 metres on the northern side (Kunst, G 2p@eés. comm., 16 July). Recent trials
carried out at the Moura Mine, in conjunction witle CSIRO Exploration and Mining
division, sought to improve the control of methdmetrialling new inert gases and
injection configurations (Balusu, R 2006, pers. oom24 June). These trials included
the injection of three inert gases, including rgen, carbon dioxide and boiler gas
provided by two Tomlinson Boilers with a combinegpacity of 0.8 metres cubed per
second (0.8fifs). The inert gases were trialled at a varietyinjéction angles and
locations (Kunst, G 2006, pers. comm., 16 July)etihdne/oxygen concentrations were
monitored at the continuous miner, the lead cae (irst Addcar) and at 36-metre
intervals, thereafter (Conway, B 2006, pers. com.April). The trials found that the
inert gas injected 15 metres from the coal facellted in the greatest control of
methane/oxygen concentrations (Kunst, G 2006, persm., 16 July). However, the
findings were inconclusive with regard to the tygfanert gas and the injection angle
required to provide the optimum control of metharggen concentrations within the
highwall drive (Balusu, R 2006, pers. comm., 24ejurCurrently, inert boiler gas from
a Tomlinson Boiler is provided through a 150 militre pipe located 15 metres from
the coal face, with the last five metres of theepgiotted to act as a diffuser (Kunst, G
2006, pers. comm., 16 July). A greater understenodif methane migration and the
type of inert gas and injection angle needed wdulther improve the safety and
production of the current highwall mining operatiah the Moura Mine (Balusu, R

2005, pers. comm., 3 October).

A confidential study of the safe operation of BHWkura Mine highwall mining
operation was also carried out by Safety in Min€ssting and Research Station
(SIMTARS) in Brisbane in the late 1990s (Brady, D0O&, pers. comm., 10 July).
Unfortunately, however, these findings are curgentiavailable to the general public.

3.5 Conclusion

Recent research has illustrated that the controlmethane concentrations is an
important factor in improving the safety and pratiltity of highwall mining operations.
A greater understanding of methane migration witlniderground mining operations

appears to be the key to improving current metltamérol systems. In highwall
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mining applications, inert gases have been tdailheventilation systems and, in some
cases, successfully implemented. CFD modellingides an inexpensive and effective
means to improve current ventilation systems wébard to methane control within
underground mines, and this method can also bethjirapplied to highwall mining.
The Moura Mine has identified that a greater undeding of the current highwall
methane control measures could lead to improvemats potentially may improve
safety and production with the ability to reachagee penetration depths on the gassy

northern side of the mine.
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4. Numerical Analysis and Methodology

A brief introduction into the governing equationsed in this study, along with an
overview of computational fluid dynamics (CFD), general, and Fluent, the specific
CFD software package used in this investigationprisvided in this chapter. The

overall methodology used for the study is alsoined.

4.1 Governing Equations

A fluid is a liquid or a gas that deforms continglyuunder shear stress, no matter how
small the shear stress (Fox, McDonald & Pritcha@®4). The flow of fluids is
governed by five fundamental principles: the filaiv of thermodynamics (the
conservation of energy), the second law of thermadyics, the conservation of mass
(continuity), the principle of angular momentum axdwton’s second law of motion
(the conservation of linear momentum), each of Wwhian be expressed as a basic
mathematical equation (Fox, McDonald & Pritchard£20 In addition, a number of
mathematical relationships describing the behavaduituids with regard to diffusion
(mass transfer), and turbulent and laminar flowgiven, as these are relevant to this

investigation.

4.1.1 First Law of Thermodynamics

The first law of thermodynamics is a statement rdigg the conservation of energy
(Cengel & Boles 2002). The basis of this law igttenergy can neither be created nor
destroyed, but can only change forms. Energy @itrdnsferred in the form of heat
(Q), work W) and mass flowHmasy (Cengel & Boles 2002). The energy of the mass
flow (Emasy consists of the rate of change in interndl), potential APE) and kinetic
(AKE) energies. This first law of thermodynamics,tlee conservation of energy, is
shown in Equation 4-1. This equation relates tbeed rate of change of the energy of
the system with time to the net rate of heat ih®gystem and the net rate of work out
of the system.

Q-W =AU + AKE +APE Equation 4-1
Energy Equation (Cengel & Boles 2002)

4.1.2 Second Law of Thermodynamics

The second law of thermodynamics states that psesesccur in a specific direction

VENTILATION OF HIGHWALL MINING TO CONTROL METHANE CONCENTRATION AT THE MOURA MINE
| PAGE 37



ENG4111/4112 Research Project Chapter 4 — Numerical Analysis and Methodology

and not just in any direction (Cengel & Boles 2D02The amount of heatQ)
transferred to a system at a given temperatlijem(ust be less than the change in
entropy (S) of the system, as shown in Equation (#&, McDonald & Pritchard
2004). Entropy is a measure of the molecular desor Entropy transfer is associated
only with the transfer of heat and not with woilKeat is a form of disorganised energy,
and some entropy flowing from a hot body to a cbtidly results in a decrease in
entropy of the hot body and an increase in entpthe cold body (Cengel & Boles
2002).

dS 1. :
— >—0Q Equation 4-2
dt system T

Second Law of Thermodynamics (Fox, McDonald & Pritchard 2004)

4.1.3 Conservation of Mass (Continuity)

The conservation of mass is a principle which st#tat the net mass transfer to or from
a system during a process is equal to the netaserer decrease in the total mass of the
system throughout that process (Cengel & Boles R00Okhere are two forms of the
continuity equation, including the integral and thiéerential. The integral form of the
continuity equation describes the gross behavibarsystem and is useful in predicting
the effects of various devices, while a differenéipproach enables detailed, point-by-
point knowledge of the flow field which is usedaamputational fluid dynamics (CFD)
analysis (Fox, McDonald & Pritchard 2004). Thefatiéntial form of the continuity
equation is shown in Equation 4-3. The equati@test that the sum of the rate of
change of mass within the control volume and therate of change of mass flowing
out of the control surface is equal to zero (Munséaung & Okiishi 2002). This
equation uses the partial derivatives of the ders)tand velocity ¢, v, w, with regard

to time ¢) and displacemenk(y, 3, respectively.
op , 3(pu) , alev) , 3low) _

ot 0X oy 0z
Continuity Equation (Munson, Young & Oki ishi 2002)

Equation 4-3

4.1.4 Principle of Angular Momentum

The angular momentum principle of a system stdtasthe rate of change of angular
momentum (H) equals the sum of all the torques dpplied to the system (Fox,
McDonald & Pritchard 2004). This principle is show Equation 4-4.
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-~ dH .

T=— Equation 4-4
system

Principle of Angular Momentum (Fox, McDonald & Pritchard 2004)

4.1.5 Newton’s Second Law of Motion

When a particle moves from one location to anotihgenerally experiences some kind
of acceleration or deceleration. The force actinrthe particle, according to Newton’s
second law, is equal to the mass of the particteedi its acceleration, as shown in
Equation 4-5Fox, McDonald & Pritchard 2004).

F=ma Equation 4-5
Newton’s Second Law Equation (Fox, McDonald & Pritchard 2004)

The conservation of linear momentum is a dynami@égn based on Newton’s second
law of motion, applied to an infinitesimal systefmuass that describes the fluid motion
of a particle (Fox, McDonald & Pritchard 2004). wgh the continuity equation, there
are two forms of the conservation of momentum eqoaincluding the integral and the
differential. The integral form of the momenturnruatijon describes the gross behaviour
of a system and is useful in predicting the effestsvarious devices, while the
differential approach enables detailed, point-binpknowledge of the flow field which
is used in CFD analysis. The differential form tbe momentum equation for an
incompressible Newtonian fluid is broken into regfalar coordinates, referred to as the
Navier-Stokes equations and shown in Equation #@&x,( McDonald & Pritchard
2004). These equations consist of acceleratiangern the left-hand side and force
terms on the right-hand side for each of the repttar coordinatesx( y and 2)
(Munson, Young & Okiishi 2002). The respective oglies for the rectangular
coordinates arg, v andw, density is, pressure ip, gravity isg and viscosity ig. The
equations, due to their complexity (non-linear, oset order, partial differential
equations), limit analytical solutions to simpleogeetries and boundary conditions. In
recent years, the computational fluid dynamics (CRi2thod has been developed to
solve the Navier-Stokes equations for real worltbpgms (Fox, McDonald & Pritchard
2004).

VENTILATION OF HIGHWALL MINING TO CONTROL METHANE CONCENTRATION AT THE MOURA MINE
| PAGE 39



ENG4111/4112 Research Project Chapter 4 — Numerical Analysis and Methodology

x —direction
du Odu_ oOu.  Odu)_ aJp d°u  9°u 0%
pl—Htu—+v—+w— [=——+ g, + st—+—
ot ox oy 0z 0X ox- o0y° o0z
y —direction
ov. . dv,  dv, 6 o0v)_ dp 0°v 0%V 0V) e Equation 4-6
pl —+u—+v—+w— [=——+ g + sttt
ot o0x a9y 0z ay Y x> oy o0z
z—direction
Yo, a—W+ua—V\/+va—W+Wa—W =—@+pg + U 02W+62W+02W
ot ox oy o0z 0z ‘ ox> oay* o0z°
Navier-Stokes Equation (Munson, Young & Okiish i2002)

4.1.6 Diffusion

Diffusion is the gradual mixing of two or more gagbat come into contact with one
another, each with the tendency for their molectdesiove from higher concentrations
to lower concentrations until they are uniform thgbout the system (Turns 1996).
This mixing occurs even without mass air movemastmolecules are continuously
moving. Diffusion rates increase with higher tenaperes and decrease with lower
temperatures. Figure 4-1 shows a diffusion proedssreby a diaphragm separates
species a from species b. When the diaphragnmewed, after some time has passed,
the mass fraction gradient of specaeto specied can be seen after diffusion has
occurred (Turns 1996). For steady state bi-mogecdiffusion, Fick’s Law, shown in
Equation 4-7, states that the diffusional mass flaw i) is related to the species
mass fraction gradient{,/dx) and the flow of species from high concentratioriow
concentration regions (Turns 1996). The flow af@es is governed by the molecular

diffusivity (D), and the density of the gas 8. This equation can be expanded in order

Diaphragm
¢ L
o) 8 |:|ZI 0) 0
000 0 O O
A i
Species a Species b Species a Species b
1.0 1.0
N
X ~ X
Prior to Diaphragm Some time after Diaphragm
Removal Removal
Figure 4-1 Diffusion of Two Fluids (Turns 1996)
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to be applied to multi-component diffusion casésaws of diffusion are based on the

principles of the continuity equation stated ear(ieurns 1996).

e dy,
M, g = ~PDap d . Equati on 4-7

' X
Fick’'s Law of Diffusion (Turns 1996)

4.1.7 Steady and Unsteady Flow

The principle of steady flow states that the veloait a given point in space does not
vary with time. In reality, most flows are unstgadith some degree of variation in
velocity making them more difficult to analyse (Muom, Young & Okiishi 2002). If
the variation between velocities is minimal, thewssption of steady flow can greatly

simplify the analysis without compromising the useéss of the results.

4.1.8 Laminar and Turbulent Flow

Laminar flow can be characterised by the smootlerkayn which fluid particles flow.
For turbulent flow, fluid particles mix rapidly akey move along random, three-
dimensional velocity fluctuations (Fox, McDonald Rritchard 2004). Reynolds
number is a dimensionless parameter used to caédegitow as laminar, turbulent or
transitional (combination of laminar and turbulegfdx, McDonald & Pritchard 2004).
The Reynolds number is the ratio of inertial forffesces that increase fluid motion) to
frictional or viscous forces (forces that slow thed down). The Reynolds number is
calculated usindgequation 4-8 for internal flow whegeis the densitylJ is the average
velocity, d is the diameter or the hydraulic diameter for wocoular ducts and p is the
viscosity of the fluid. For internal flow, laminflow occurs for Reynolds numbers up
to 2300 and turbulent flow for Reynolds numbersvab®000. A transition occurs with
Reynolds numbers between 2300 and 4000, beforduigeis considered to be fully
turbulent (Fox, McDonald & Pritchard 2004).

d
Re= & Equation 4-8
Y7
Equation for Reynolds Number (Fox, McDonald & Pritchard 2004)

4.2 Numerical Analysis Methods

Differential equations like the Navier-Stokes equad that govern the behaviour of
Newtonian fluids were derived many years ago (Manssoung & Okiishi 2002).

However, due to their complexity, as outlined eayltheir solutions have been limited
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to extremely simple geometrical models. The adeémigh speed computers in recent
times has made it possible to obtain approximatearical solutions for these equations
for more complicated geometrical models (Munsonungp& Okiishi 2002).

According to Munson, Young and Okiishi (2002), ttleee most commonly used
numerical methods for modelling fluid flow usingneputers are the finite difference,
finite element (or finite volume) and the boundatgment methods. Each of these
methods considers a continuous flow field (velocitypressure as a function of space
and time) that is described by discrete (rathen tbantinuous) values at prescribed
locations. For each method, in this way, the d#iftial equations are replaced with sets
of algebraic equations which can then be solvedcdiypputers (Munson, Young &
Okiishi 2002).

The finite difference method for computational dludynamics is the simplest and most
widely used of the three numerical methods. Theshod dissects the flow field into a
set of grid points and the continuous functions lgeigy, pressure, etc.) are
approximated by discrete values calculated at thé goints (Munson, Young &
Okiishi 2002). The derivatives of the functiong approximated using the differences
(using Taylor expansion) between function valuesi@ihbouring grid points divided
by the grid spacing. In this way, differential atjons can be transferred to algebraic

equations and simply solved by computers (Munsaung & Okiishi 2002).

Munson, Young and Okiishi (2002) state that in tinde element (or finite volume)
method, the flow field is broken into a set of shiliid elements (either triangular or
square, in the case of 2D analysis). The conservaguations (conservation of mass,
momentum and energy) are appropriately appliediffierdntial form to each element
converted to a set of algebraic equations whichbeasolved for the flow field.

Finally, in the boundary element method, the bownad the flow field, and not the
flow field itself, is broken into discrete segmeiatsd appropriate singularities such as
sinks, sources and doublets are defined for thendmmes. This method is
mathematically sophisticated, however, in someg;ga®vides less computational time
and space to predict the boundary behaviour abwa field than does the finite element
method (Munson, Young & Okiishi 2002).
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4.3 Computational Fluid Dynamics (CFD)

Computational fluid dynamics (CFD) is a powerfulhmerical simulation tool that uses
the numerical analysis methods described aboveetiqh the behaviour of fluid flow,
transfer of heat and mass, phase change (e.gzjrfgeer boiling), chemical reactions
(e.g., combustion), mechanical movement (e.g.rd#ation) and stress and deformation
of solid structures affected by fluids (e.g., mhsnding in the wind) Kluent: The
World’s Leading Commercial CFD Co@806).

CFD software provides the user insight, foresigid afficiency. Insight is provided
into devices and systems that would otherwise Heuwlt to prototype, providing the
user with a means of visualising as well as an ecé understanding of a design.
Foresight is provided for a given set of circumstmnalong with predicting outcomes
for a range of variables in order to determine ptingal result. Finally, the efficiency
of CFD software allows better and faster designdéoproduced, saving time and
money and getting products to market faskduént: The World’'s Leading Commercial
CFD Code2006).

CFD software, such as Fluent (the package usekisnrvestigation), is based on the
finite difference numerical methods described i pnevious section. The flow field or
fluid domain is dissected into discrete controlwoés using a computational grid made
up of discrete grid points that are linked togetwed contained within fluid boundaries
in a process referred to as discretization (Munsvong & Okiishi 2002). The
boundaries can be defined as inlets, outlets, veatSor a number of other conditions
which can be directly applied and which influende tfluid domain. A set of
differential equations is created for the discrgtel points that can be transferred to
algebraic equations and solved using an iteratreegss until convergence is reached.
Convergence is a point when the solutisnno longer changing with successive
iterations, or when it reaches a stage at whishtisfies the governing equations within
predetermined tolerances called residuélsignt: The World’'s Leading Commercial
CFD Code2006).

4.4 CFD Software Selection and Access
This investigation of the Moura Mine highwall opgoa to control methane
concentrations required a CFD software packagewhatcapable of modelling a non-
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reacting flow, providing information pertaining tmass fraction, temperature and
velocity and pressure fields of gases, specificallgthane and oxygen, within the

highwall drive.

Fluent (specifically, Fluent version 6.2.16 solaexd Gambit 2.2.30) CFD software met
these specifications and was chosen for this ifgegsin due to its widely accepted
status within the field of the ventilation simutatiof coal mines, and for its availability
to the user through the University of Southern @g&nd. Fluent software is capable
of modelling a diffusion process of a non-reactfluyv, as required for this analysis.
CFD analysis requires large amounts of computingrgoodue to the re-iterative
process. The author was able to gain access tdrtiversity of Southern Queensland’s
mainframe computer through its hpcO server enaliaster solution speeds than those

of a conventional desktop.

4.5 Fluent

Fluent is the largest global supplier of CFD sofevan the world due to its
technological leadershig-luent: The World's Leading Commercial CFD Co2@06).
The company’s strong and stable history and it$-seepected service and support have
all contributed to the success of the Fluent CFBwswe. Fluent software actually
encompasses two separate programs, the Fluentr qmiwgram and Gambit, a pre-

processor for geometry and mesh generation.

Fluent CFD software offers users ease of use tirasgntuitive user interface, ability
to import CAD (computer aided design) geometry, ande of customisatioifrl(ent:
The World’'s Leading Commercial CFD Co@006). The software package provides
efficient two- and three-dimensional modelling andshing capabilities and produces
reliable physical models for a multitude of comaliis, including chemical species
mixing, multiphase and steady or transient flow ellinlg capabilities, to name only a
few (Fluent: The World’'s Leading Commercial CFD Co@d606). Finally, Fluent
software offers the user the ability to utilise aigety of visualisation tools in order to

provide images and animations.

4.5.1 Fluent Software Structure

The process for creating and solving CFD modeRuient is outlined in Figure 4-2. A
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Geometry
GAMEBIT or Mesh
- geometry setup - Other CAD/CAE Packages
- 2D/ 3D mesh generation
. Boundary Boundary and/ or
2D/ 3D Mesh ™, Mesh Volume Mesh
L \
FLUENT Y Y
— mesh import and adaption TGRID
— physical m'}ddi_ — 2D triangular mesh
- boundary conditions - — 3D tetrahedral mesh
- material properties Mesh - :"D or t'-lD lwl:r[d mesh
— calculation - B
- postprocessing
]
Mesh

Figure 4-2 Fluent Program Structure ( Fluent: The World’'s Leading Commercial
CFD Code 2006)

two- or three-dimensional geometry or model of filned domain can be generated in
either Fluent's own pre-processing software progr&ambit, or a separate CAD
package. This model is then meshed using Gamlakjported into a separate meshing
program, TGRID, as with the case of CAD created @sd Gambit models, as well,
can be meshed using this prograkiuént.: The World’s Leading Commercial CFD
Code2006). The meshed geometry is then exported thmmmeshing program into the
Fluent solver where the physical models (chemipac®s mixing, multiphase, steady
or transient flow models, etc.) based on the gdmgrequations are applied to the
model. The software applies the appropriate gomngraquations to the model in order
to predict behaviour based on these different giaysnodels. The boundary conditions
and material properties are applied to the modé&rbecalculations can begin. The
algebraic equations generated by the software, estiomed, are then solved in an
iterative process until the solution has convergédnvergence, as mentioned earlier, is
a point when the solution is no longer changindhwsitccessive iterations. This process
is outlined in Figure 4-3 for Fluent's segregatedver. The results of the model
analysis can be presented and interpreted in gralpbr tabular form Kluent: The
World’s Leading Commercial CFD Co@806).
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Figure 4-3 Fluent Segregated Solver Flowchart (Fluent: The World’s Leading
Commercial CFD Code 2006)

4.5.2 Basic Steps in CFD Analysis

When using CFD, the following are important steppa successful analysis. The salient

features of the problem must first be identifiedd adefined before these basic

procedural steps can be undertaken:

define the model goals

create the model geometry and grid

set up the solver and physical model

compute and monitor the solution

examine and save the results

determine if revisions to the numerical or physjgalameters are necessary
Flgent: The World’'s Leading Commercial CFD Cdzi@06)

4.6 Model Goals

As noted earlier, this study aims to improve thatNation using inert gases of the

highwall mining operation at the Moura Mine. Theestigation considers the effects
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of a number of factors and their influence on tkerall effectiveness of the highwall
ventilation system. These factors include the tgbeinert gas injected into the
highwall, the angle at which the inert gas is itgecat the injection point and the
penetration depth of the drive at a constant teatpex. These parameters have each
been identified as important influences with regardhe effectiveness of the current

ventilation system.

4.7 Modelling Assumptions

The CFD model used in this investigation has bémpldied in regard to its geometry,

boundary conditions and CFD physical models applied

The geometry of the models was simplified in oreimprove the quality of mesh and
solution time for each of the models generatede Boundary conditions applied to the
CFD model were based on the experience of the MMiree employees, research
experts and visual observations of the highwalraipens. The flow rate for each of the
inert gases injected in the highwall drive was as=sii to be constant at 0.15 cubic
metres per second (0.13fs). The inert gas was injected 15 metres frometiet of the
coal face through a 0.15 metre pipe. The methatexiag the drive was assumed to be
only from the coal face and floor when, actuallye twalls and roof of the drive
contributed significant, although secondary, amswitmethane. However, this factor
could not be considered due to the use of a tweedgional model. The flow rates of
methane for the coal face and floor were 0.04 cuhétres per second (0.0%#s) and
0.06 cubic metres per second (0.66) respectively, combined to give a total flowera
of 0.1 cubic metres per second (0*sh A two-dimensional model was used for
purposes of simplification as well as to improve #olution speed by reducing the
number of discrete elements required for the varicanfigurations analysed, giving a
good indication of the fluid behaviour within theiwé. This enabled far more
possibilities and ventilation configurations, thpeoviding a wider scope of study.
However, the two-dimensional analysis failed tolytreepresent all fluid behaviour
within the actual three-dimensional highwall drivé\ssumptions were made that no
heat transfer occurred (drive remained at a coh&ah Celsius), and that there was a
non-reacting flow (no chemical reactions betweesega within the drive, as these
parameters were considered to be beyond the sd¢dpes study. Additionally, making

these assumptions reduced the governing equatgoged, thus, once again, reducing
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the solution time for the models. Finally, thefage roughness was also ignored for
this investigation, as noted, as this was not camsd to be a critical factor in the
diffusion and mixing processes at this early stagewever, this should be considered
in future studies in order to determine what infice it has on the fluid flow within the

drive.

4.8 Gambit CFD Model

The model generated in Gambit version 2.3.30 fag thvestigation was based on
geometrical information and data regarding the maysproperties of the Moura Mine
highwall operation that were provided by a variefysources, including the Moura
Mine, the CSIRO and equipment manufacturer spetibos.

4.8.1 Two-Dimensional Gambit Model

The development of a two-dimensional model wasterkaolely in the Gambit pre-
processor. This involved the generation of thenggtoy and mesh of the model which
are discussed in further detail below.

4.8.1.1 Gambit CFD Model Geometry

A two-dimensional view of the Moura Mine highwalperation is shown in Figure 4-4
detailing the position of the continuous miner ah& Addcars in relation to the
highwall during mining at a particular penetratiaepth. The two-dimensional
geometry of the highwall operation is based on dsmns from equipment
manufacturers, the Moura Mine and the CSIRO. gkmmetry was then used to create
a model in Gambit, as shown in Figure 4-5, in wiitod boundary conditions have been

labelled and defined. The geometry was createtbforseparate models with different

Final Highwarall

Contirnaous Miner Coal Stum
Lammch Vehicle Addears

Imert Gns
Injection Point

Contirmous Miner

Figure 4-4 Two-Dimensional View of Moura Mine Highw  all Operation
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Fit Highrall
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Pit Flaor
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Inett Gas
Inection Poind Coal Floor

Welocity Indets

Figure 4-5 Two-Dimensional View of Gambit Model and Boundary Conditions

penetration depths of 150, 200, 250 and 300 mettedipping down at an 8° angle. In

the model, the highwall drive is 3.8 metres in heigt the coal face, the coal floor

length is 1 metre long and there is a distance.4frdetres between the top of the
Addcars and the drive roof. The inert gas is itgddhrough a 0.15 metre hose coming
from a vertical vent on the top of the machineated 15 metres from the coal face.

Finally, the coal cutting drum on the miner is in@tres in diameter.

4.8.1.2 Gambit CFD Model Mesh

The Gambit geometry model was also meshed (disatein of the domain into
elements) in Gambit, as shown in Figure 4-6. Iimportant that elements indicate
gradual change throughout the domain by using smelements in critical regions and
larger elements in less critical regions. Theelatype aids in reducing the solution

speed due to the decrease in the number of elements

The domain was first divided into a number of sapadins to improve its shape,
leading to a higher mesh quality through the abdityg of different elements, and

providing greater control. Two element types waetiised for the two-dimensional

analysis, including the quadrilateral and the widar, as seen in Figure 4-7.
Quadrilateral elements were used in conjunctiorh vat mapped meshing function
(which creates a uniform brick wall patterned mesised due to the ability to produce
accurate results with a reduction in the numberelgiments required. Triangular
elements were used with a paved meshing functiwag(ilar mesh) that provided a
mesh for the more difficult geometrical domainla toal face. An increased element

count in this region offset any inaccuracies entenaa with this type of element. The
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Boundary Layer
Highwall

Pit
Surface

Drive Roof

Coal

Inert Gas Face

Injection Point

Machine

Coal Floor

End of Highwall Drive Coal Face Region

Figure 4-6 Sectioned View of Two-Dimensional Mesh o f Highwall Mining Operation

mesh quality is important as the shape of the aisnimfluences the accuracy of the
numerical predictions made by the software. Theeetsratio of an element is the ratio
between the length and width of that element ansl &dvised that this should remain
below 7:1 Fluent: The World’s Leading Commercial CFD Ca2l@06). Aspect ratios
above this threshold will be inaccurate in predigtdomain behaviour. The highest
aspect ratio in the models for this investigaticasviound to be 5:1. The skewness of
an element is a measure of the deformation ofdleahent on a scale of 0-1, with zero
representing no skewing. Skewness should remalowb®.6 in order to ensure
accurate prediction of domain behaviotuent: The World’'s Leading Commercial
CFD Code2006). In this investigation, the models werenidio be acceptable with a
maximum skewness of 0.59. The variation of elemgime should be gradual
throughout the domain, as noted earlier, in orderatcurately transfer properties
between elements. In regions of the domain whehégh variation of properties is
anticipated, the element size should be reducedrdler to predict the fluid flow
accurately. The boundary layer of the domain, tdube ‘no-slip’ condition, influences
the fluid flow and, therefore, requires a greatemgity of elements near the boundary in
order to predict the behaviour of the fluidl{ent: The World’s Leading Commercial

CFD Code2006). A boundary layer function was used in #nalysis in order to
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2D Cell Types
Triangle Quadrilateral

Figure 4-7 Gambit Two-Dimensional Elements (  Fluent: The World's Leading Commercial
CFD Code 2006)

provide an increasing element size gradient froenbitbundary walls, so that the effects
of the boundary layer on the fluid flow within tldomain could be considered, as
shown in Figure 4-6. A y-plus function in Fluenbpides the user with a gauge (a
numerical value) of the near-wall resolution or bdary layer requirements when
analysing a mesh. The y-plus value is requiredetoain within set limits. For this

investigation, the y-plus was 320 for each of thses, well within the required 0 to 500
range provided by Fluent.

Finally, the boundaries throughout the model weeéingéd as shown in Figure 4-5,
along with the fluid domain. A variety of differebhoundary types are available to the
Gambit user. The models in this investigation uedvelocity inlet, pressure outlet,
wall and interior boundary types. Fluent 6/7 solwes selected before the model mesh

was exported for use in Fluent.

4.8.2 Three-Dimensional Gambit Model

The development of a three-dimensional model wasited using a combination of
Gambit and a separate CAD package. This involledyeneration of the geometry and

mesh of the model, which are discussed in furtlkeéaibbelow.

4.8.2.1 Gambit CFD M odel Geometry

The geometry of the model in the three-dimensiooate was generated quite
differently to that of the two-dimensional moddlhe geometry of the continuous miner
and Addcars was generated in SolidWorks, a sep&ai2 package, shown in Figure

4-8, and then exported to Gambit as an ACIS fille SolidWorks program was used
to generate this complex geometry due to its gliitquickly and easily generate three-
dimensional geometries. The geometry of the dras then created in Gambit around
the geometry of the mining equipment. The voluroeupied by the mining equipment
was then subtracted from that of the drive to peadihe final fluid domain which the

gases move through during mining. The geometrthefthree-dimensional model, as
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] Inert Gas
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" Cutting Drum
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Continuous Miner

Figure 4-8 Continuous Miner and Addcars Generatedi  n SolidWorks

with the two-dimensional model, was, once agairsedaon dimensions provided by
manufacturer specifications, the Moura Mine and @&RO. Only one model, at a
penetration depth of 150 metres, has thus far bessated.

4.8.2.2 Gambit CFD Model Mesh

The Gambit geometry model, once again, as with tthe@-dimensional case, was
meshed in Gambit, as shown in Figure 4-9. The nfeslthis model was generated
using a sizing function which allowed the initiates of the elements at the boundary
surface, as well as a growth rate, to be defineth siat the elements enlarged as they
moved away from these surfaces. In this casegldraent used was tetrahedral shaped,
and Gambit's TGRID mesh generator was used to erdet mesh. Similar factors
apply to the elements with regard to mesh quadisyoutlined in the two-dimensional
model. These factors include the aspect ratioyskses, boundary layer, element size
gradient and y-plus value. The mesh for this gepmenodel requires further
refinement with regard to quality before reliabésults can be attained using the Fluent
solver. Figure 4-9 shows the additional geometdetail of the actual highwall mining
operation with regard to the conveyor, inert ggsdtion point and boom supporting the
cutter drum. The three-dimensional analysis presid greater understanding of the
flow of gases within the highwall drive and overa@srmsome of the limitations of the

two-dimensional analysis, as described.
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Figure 4-9 Sectioned View of Three-Dimensional Mesh  of Highwall Mining Operation

4.9 Fluent CFD Solver

The Fluent solver uses a geometrical model produtdslambit, as well as the initial
conditions defined by the user. This fully-definmddel is then used to create a set of
algebraic equations that can be solved using aatite process that is graphically

displayed for interpretation by the user.

4.9.1 Fluent CFD Solver Set-up

The Gambit model mesh was imported into the Flgatver program, in this case
version 6.2.16. The model was first checked foy mrtonsistencies in the defined
boundaries, elements and the mesh of the domakle nfodel parameters were then
established in order to define the properties othal fluids and solids used, the type of
solver to be used, the governing equations to labled and, finally, the boundary and
operating conditions that were applied to the systeorder to determine a solution.

4.9.1.1 Material Properties

The materials used were from a predefined specaspgort model for methane and
oxygen. All the fluids required for this investigam were found to be available in this
model including methane (GH water (HO), oxygen (@), nitrogen (N) and carbon

dioxide (CQ). Depending on the particular model analysedegdlsat were not used
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were deleted in order to reduce the computatiomad,tas they were not required. The
density of each of the gases was considered basedvolume weighted mixing law.
The specific heat was based on the mixing law fgpecies mixture.

4.9.1.2 Governing Equations

This analysis used a two-dimensional segregateatisalescribed earlier in Figure 4-3,
for a steady state condition. The extended durag¢ioperienced during the mining
process to reach each of the penetration deptbwedl ample time for the system to
reach a steady state. Therefore, it was assuna¢dtibady state conditions applied to
the highwall drive in each of the cases. This ysig) as noted earlier, uses a non-
reacting flow process, meaning that no chemicattrea occurs between gases. The
non-reacting flow model is able to simulate botle thixing and diffusion of gases
within a domain. The energy equation was enabtedHe volume weighted mixing
law required, in order to calculate the materiaparties. Viscous forces within the
domain were considered using a k-epsilon realisaidelel due to the turbulence
experienced at the inert gas injection point.

4.9.1.3 Boundary and Operating Conditions

The boundary conditions of a model specify the fland thermal variables at the
boundaries of the CFD model, similar to those inaatual highwall mine. As noted
earlier, the models in this investigation useduékcity inlet, pressure outlet, wall and
interior boundary conditions, as shown in Figurg. 4-

The velocity inlet is a boundary defined by theoedly attributes of the flow of the fluid
entering the domain. Establishing this boundanyddoon involves defining the flow
velocity and the relevant scalar properties, inclgdhe magnitude and direction of the
flow at the inlet, the chemical species mass foactf inlet gases, the temperature and
the turbulence parameters. For this analysisy#hecity inlet boundary condition was
applied to the coal face and floor (methane) aredtigas injection point (nitrogen,
carbon dioxide and boiler gas), whereby the appaitpmparameters were defined for
different models, as shown in Table 4-1. Variongles of injection of the inert gases
were trialled in order to determine the optimum lang The three injection angles
considered were 0, 30 and 60 degrees, measuredtfi®itop surface of the machine,
with a O degree angle parallel to the surfacehas/s in Figure 4-10. Theandy
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0 Degree Angle of Injection 30 Degree Angle of Injection 60 Degree Angle of Injection

Figure 4-10 Inert Gas Angles of Injection at Inject  ion Point
components of the velocity were varied in ordepttoduce the three injection angles of
0, 30 and 60 degrees.

Table 4-1 Inlet Boundary Conditions

Inlet Boundary Inlet Hydraulic | Turbulence | Flow | Velocity Species
Name Tempe | Diameter Factor Rate (m/s) (%)
Tature (m) (L/9) Methane | Carbon | Nitrogen | Oxygen
(K) Dioxide

Coal Face 300 24 2 40 0.0166 100 0 0 0
Coal Floor 300 1 2 60 0.06 100 0 0 0
Inert Gas: 300 0.15 8 150 85 0 14 85 1
Boiler Gas
Inert Gas: 300 0.15 8 150 85 0 100 0 0

Carbon

Dioxide
Inert Gas: 300 0.15 8 150 85 0 0 100 0
Nitrogen

The pressure outlet boundary condition was defimgdhe pressure at the boundary.
This boundary condition allowed the static presgdorbe set at the outlet plane when
the flow was subsonic. This pressure was therapatated from the flow from the

interior of the domain. This boundary conditionsiapable of a backflow of gases at a
defined mass fraction of species. In this analy#i® pressure outlet boundary
condition was applied to the four faces in the atefregion within the pit of the surface

mine, and is shown in Table 4-2.

Table 4-2 Outlet Boundary Conditions

Outlet Boundary Name Temperature (K) Pressure (atm) Species (%)

Oxygen Nitrogen

Pit 300 1 21 79
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The wall boundary condition allows the user to gefihermal, momentum and species
at the boundary. For this analysis, all exterralralaries not previously defined were
considered to be wall boundaries at a constanteestyre (300K). The wall boundary

condition was used to model fluid bounded by soéidions. By default, a ‘no-slip’

condition (fluid at the boundary has zero velocigs applied to all boundaries.

The final boundary condition used was the inteboundary connecting separate fluid
domains together, allowing the fluid to flow betwethem. The interior boundary
condition was used in this analysis to link segammain faces used, in order to

improve the mesh.

The operating conditions for these analyses cormidestandard gravity and
atmospheric pressure to be acting on the domaati atmes. Once the model had been
set up in the Fluent solver program, the iterafwwecess in order to determine the
solution could begin.

4.9.2 Fluent CFD Solver Solution and Validation

The iterative process as described above continméit the solution had converged.
Convergence is the point at which the solution masonger changing with successive
iterations. The solution was monitored throughrésduals or differences between the
values of consecutive iterations, in order to deiee the convergence. In this
investigation, for each of the models solved udihgent CFD software, the double
precision convergence criteria outlined was mejuireng a smaller difference between
successive solutions than for the single precismnvergence criteria.  The
convergence criteria ensured that the fundamenitatiples outlined by the governing
equations (conservation of mass, energy and mommgniere, in fact, imposed on

these models.

Validation of the results was essential with regardattaining realistic and reliable
results from the CFD software. A number of validatprocedures were available,
including applying fundamental equations, compariegults to experimental data and,
finally, determining whether the model was meshepehdent. Due to the uniqueness
and complexity of this model, fundamental equatimese unable to be applied in order

to evaluate the behaviour of the fluids at difféneaints within the domain, and this
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was an important consideration in the decisionge GFD software. No experimental
data was available pertaining to the unique moeeingetry used to verify the values
throughout the highwall drive. This technique viagher restricted by the number of
assumptions made in order to simplify the modeiahy. The model mesh was refined
and then re-solved in order to compare the solstfoneach case. Results showed that
the solution did not change with a finer mesh, ¢ating that the model was mesh

independent.

4.10 Conclusion

Numerical analysis is a powerful tool based on &amdntal equations of fluid flow for
predicting the behaviour of fluids. This investiga used Gambit, a geometry and
mesh- generating program, to create a model dffiliera Mine highwall operation that
was later solved in Fluent, a CFD solver programproducing a model of the highwall
mining operation, certain assumptions were requaredi parameters were defined based
on information that was provided to the author franaariety of sources. The models

were ultimately solved and the results are detailetie following chapter.
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5. Results

The results of the two-dimensional CFD Fluent safevanalyses using the CFD
models explained in Chapter 4 are summarised bel@s. noted earlier, the CFD
models aimed to improve the ventilation of the MoWMine highwall operation by
considering the effects of the type of inert gasdJshe angle of injection of the inert
gas and the penetration deptfhis chapter presents the results of the specifideis
generated for the different configurations basethese three factors. The complete set
of results is provided in Appendices D, E and F.

5.1 Injection of Various Inert Gases

Three inert gases were trialled in this investmatincluding boiler gas, carbon dioxide
and nitrogen. The general behaviour of each cfetgases within the highwall drive is
outlined below. The influence of the penetrati@ptth and angle of injection into the
highwall drive on the behaviour of each of the ingases is then discussed in more

detail later in this chapter.

5.1.1 Boiler Gas

Boiler gas primarily consists of nitrogen with canbdioxide and oxygen making up the
remaining constituents. Figure 5-1 shows linescatthg the path of particles, in this
case released from the three inlets: the inertigastion point, the coal face and the
coal floor. The coloured contours on the pathliredate to the velocity with respect to
the key that appears to the left. As shown in Fgb-1, the circulation within the

highwall drive expands with penetration depth, destkated by the increase in area

covered by the contours. The velocity of the igag is reduced after it is released and,
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Figure 5-1 Boiler Gas Velocity Pathlines for Variou s Penetration Depths in Coal Face
Region
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Figure 5-2 Boiler Gas Velocity Pathlines for Variou s Penetration Depths at End of the
Highwall Drive

later, momentarily increased when it circulatest ghe top of the drive above the
injection point. The region of the drive at thginvall was identified with a potential
explosive zone for each and all of the cases. rEi§2 shows the velocity pathlines at
the highwall or end of the drive. The pathlinegted mixture that have predominantly
travelled along the upper half of the drive are rioreed down and out of the end of the
drive with a resulting increase in the velocitytbé gases observed. This may occur
due to the influence of the outside air or, perhéips behaviour of the mixture itself.
Further discussion of the behaviour of the boiles ¢ included in subsequent sections

of this chapter.

5.1.2 Carbon Dioxide

The carbon dioxide velocity pathlines for the vadggenetration depths are shown in
Figure 5-3 for the coal face region. The pathlires in the case of the boiler gas,
decrease in velocity when released and, latere@se in a region of the drive roof. The
mixture returning past the injection point showattthe carbon dioxide pathlines drop
rapidly toward the drive floor leading to a divemge of the inert gas pathlines from

those of the methane, coming from the coal faceflaod. This divergence can be
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Figure 5-3 Carbon Dioxide Velocity Pathlines for Va  rious Penetration Depths in Coal Face
Region
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Figure 5-4 Carbon Dioxide Velocity Pathlines for Va  rious Penetration Depths at End of
the Highwall Drive

further observed at the highwall end of the driag,shown in Figure 5-4. A greater
difference in the distance between pathlines, immarison to the boiler gas, is
observable. The darker, more concentrated, rdgaaied toward the top of the drive
shows the pathlines from methane sources whildativer pathlines are from the inert
carbon dioxide gas. At penetration depths of 250 and 300m, turbulence occurs at
the top of the end of the drive as the methane rosg from the end of the drive roof.
The inert carbon dioxide continues to travel patat the floor surface. However, at a
penetration depth of 200m, this is not the casegtises leaving the drive appear to be
influenced by the outside air forcing the gasesmawd increasing the velocity of the

mixture.

5.1.3 Nitrogen

The nitrogen velocity pathlines for the various @eation depths are shown in Figure
5-5 for the coal face region. The pathlines of titeogen are similar to those of the
boiler gas with respect to the magnitude and pwsitif contours. The velocity of the
nitrogen decreases as it approaches the end afrive and increases as it circulates
past the injection point on the drive roof. As frenetration depth increases, the boiler

gas. The pathlines are dispersed evenly acrosnthef the drive region, unlike those
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Figure 5-5 Nitrogen Velocity Pathlines for Various Penetration Depths in Coal Face
Region
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Figure 5-6 Nitrogen Velocity Pathlines for Various Penetration Depths at End of the
Highwall Drive

of the distance between contours increases and tgke greater area of the coal face
region. This expansion may be due to additionHusion or mixing as penetration
depth increases. Figure 5-6, once again, showsdloeity pathlines at the highwall.
As with the coal face region, the velocity path$ireé the nitrogen are similar to those of

the carbon dioxide, which have a distinct sepanadiod concentration.

5.2 The Angle of Injection for Various Inert Gases

The angle at which the inert gas was injected théohighwall drive varied between 0,

30 and 60 degrees. Each of the inert gases walkedriat the various angles at a
penetration depth of 150 metres, in order to daterthe optimum injection angle for

each. The methane and oxygen concentrations @ressed here as a fraction of the
total mixture in the figures. These concentratiovexe used to identify potential

explosive zones within the highwall drive. The g&g concentration in the coal face
region was found to be zero for all two-dimensiostéady CFD Fluent analyses
undertaken in this investigation. Therefore, thems no potential for an explosion
occurring in this region. Although no explosivenes were identified at the coal face
region, the behaviour of the gases in this regiath & direct influence on the explosive

zone located at the highwall end of the drive.

5.2.1 Inert Gases Injected at 0 Degrees

At an injection angle of 0 degrees, the methantigldn and mixing at the coal face
was found to be minimal in comparison to that @f ldrger injection angles. Figure 5-7
shows that the methane concentration is largebbtt the coal face and floor with a
mass fraction of one. The inert gas from the tnp@cpoint (not shown in the figure) is
represented by the blue region, indicating thatimgixs confined to the region near the
coal face and toward the upper area of the driiee inert gas at this injection angle
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Figure 5-7 Methane Concentrations in Coal Face Regi on with Inert Gas Injected at O
Degrees (150m penetration depth)

primarily follows the contours of the machine, agas shown by the blue region. The
nitrogen and the boiler gas equally provided thigdat amount of mixing in the coal
face region while the carbon dioxide produced #asti amount of mixing, indicated by
the greater percentage of blue contours throughwaitregion. The carbon dioxide
removed more of the methane from the coal floor tao@ inlets than did either the
nitrogen or the boiler gas, allowing for more acclation of methane. Figure 5-8
shows the highwall end of the drive where the esipldzone was identified for each of
the cases. As noted earlier, an explosive zorstsewihen a mixture of 5-17% methane
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Figure 5-8 Methane/Oxygen Concentrations at Highwal | Region with Inert Gases Injected
at 0 Degrees (150m penetration depth)
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and 12-20% oxygen exists. The carbon dioxide yred the smallest explosive zone
of the three gases, at only a few metres from titead the drive. The mixture leaving
the drive forced the atmospheric air and oxygenyafn@m the end of the drive. The
boiler gas produced an explosive zone almost eguahape and size to that of the
nitrogen. These two gases produced an explosine abthe end of the drive that was

more pronounced at the floor and tapered towardagpef the end of the drive.

5.2.2 Inert Gases Injected at 30 Degrees

At an injection angle of 30 degrees, the methaffesion and mixing at the coal face
increased in comparison to an injection angle afe@rees. Figure 5-9 shows that
methane concentrations are larger at both thefaoaland floor with a mass fraction of
one. The inert gas from the injection point tfmedt shown in the figure) is represented
by the blue region indicating that mixing is comfthto the area near the coal face and
toward the upper section of the drive. The inex$ gjected at this angle primarily
follows the contours of the machine, as was dematest in the earlier case, shown by
the blue region. The carbon dioxide provided treatgst mixing in the coal face region
at this injection angle while both the boiler gasl dhe nitrogen equally had the least
amount of mixing, indicated by the greater percgataf darker blue contours
throughout the region. The carbon dioxide was fbtsmremove more of the methane
from the coal floor and face inlets than did eitttex nitrogen or the boiler gas, which
led to more accumulation of methane at these fadé® boiler gas and nitrogen, once
again, produced similar methane contours in thgiore Figure 5-10 shows the
highwall end of the drive where the explosive zwaes identified for each of the cases.

Again, as noted earlier, an explosive zone exisisnaa mixture of 5-17% methane and
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Figure 5-9 Methane Concentrations in Coal Face Regi on with Inert Gas Injected at 30
Degrees (150m penetration depth)
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Figure 5-10 Methane/Oxygen Concentrations at Highwa Il Region with Inert Gases Injected

at 30 Degrees (150m penetration depth)

12-20% oxygen exists. The figure shows that th@astve zone has progressed toward
the end of the highwall drive, in comparison toiajection angle of O degrees. The
carbon dioxide produced the smallest explosive zdribe three gases, located outside
and above the end of the highwall drive. The mixtieaving the drive has forced the
atmospheric air and oxygen away from the end ofdtihee. The boiler gas produced a
slightly smaller explosive zone than did the nigngalthough it was closely related to
the shape and position of that of the nitrogen.e €kplosive zones for these gases
expand into the lower corner of the end of the Wwiglh drive. This contributes to the
increased size of the explosive zone at a 30 deggrgke of injection compared to a 0
degree angle. Finally, once again, the nitrogeth lamiler gas produced a similarly

shaped and sized explosive zone.

5.2.3 Inert Gases Injected at 60 Degrees

At an injection angle of 60 degrees, the methaffesion and mixing at the coal face
was the largest of all the injection angles. Feg®-11 shows that the methane
concentrations are largest at the coal face arat floth a mass fraction of one. The
inert gas injected at this angle provides a laregree of turbulence within the coal face

region. The inert gases for this injection angrevmixed into the surrounding gas and
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Figure 5-11 Methane Concentrations in Coal Face Reg ion with Inert Gases Injected at 60
Degrees (150m penetration depth)

did not concentrate along the contour of the nraghas previously shown. Instead,
they contributed to an increase of methane mixing diffusion. Additionally, the

carbon dioxide removed more of the methane fromcthed floor and face inlets than
did either the nitrogen or the boiler gas, allowfngmore accumulation of methane at
these faces. Profound mixing occurred throughloetentire coal face region, with all
areas containing some degree of methane concentratit seen at the previous
injection angles. For each of the three inert gagecomparison to the other injection
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Figure 5-12 Methane/Oxygen Concentrations at Highwa Il Region with Inert Gases Injected
at 60 Degrees (150m penetration depth)
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angles trialled, the largest amount of methaneracatation was experienced at the coal
face and floor, as expected, given that these defiaed as methane inlets. The carbon
dioxide provided the largest methane mixing anétudibn in the coal face region. Both
the boiler gas and the nitrogen produced simitasugh slightly less, methane mixing

and diffusion compared with the carbon dioxide.

Figure 5-12 shows the highwall end of the drive mehéhe explosive zone was
identified for each of the cases. The explosiveezioas, once again, progressed toward
the end of the highwall drive and has greatly exiganin size, in comparison to the
other injection angles. All three inert gases piamtl a similarly sized and shaped
explosive zone located at the highwall end of theed The explosive zone for these
gases expanded further into the lower corner of éhd of the highwall drive,
contributing to the increased size of the explogieee compared to the other injection
angles. The carbon dioxide, in this case, produzesimilarly sized and shaped
explosive zone compared to both the nitrogen aedbtbiler gas. The shape of the
explosive zone tapers towards the top end of tgawall drive and expands at the

lower end.

5.3 Effect of Penetration Depth for Various Inert G ases

The highwall drive was varied from 150 to 300m,56m increments, in order to
simulate the change in penetration depth duringngin Each of the inert gases and
injection angles were considered in order to detenthe influence of the penetration
depth. Again, the methane and oxygen concentsaticere used to identify potential
explosive zones within the highwall drive and axpressed as a fraction of the total
mixture. The oxygen concentration in the coal feemgion was found to be zero for all

two-dimensional steady CFD Fluent analyses undentak this investigation.

5.3.1 Penetration Depth of 150 Metres

Figure 5-7 shows that the mixing of inert gaseghat coal face was minimal at a
penetration depth of 150m, in comparison to theogenetration depths trialled. The
carbon dioxide produced the least methane diffusiod mixing at this penetration

depth at the coal face region. The nitrogen aedbibiler gas equally experienced the

most methane mixing and diffusion of the threetigases at this depth.

For each of the three cases, the explosive zoraupea at the end of the highwall was
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found to be the smallest at a penetration depttb6m. The carbon dioxide produced
the smallest explosive zone of the three gasesh@sn in Figure 5-8. The position was
influenced by the inert gas injection angle. Bdlle boiler gas and the nitrogen
produced a larger diagonally tapered explosive zomempared to carbon dioxide, at the

end of the highwall drive, which was also influedds the inert gas angle of injection.

5.3.2 Penetration Depth of 200 Metres

CFD analyses indicated, as the penetration demteased from 150 to 200m, that
methane mixing and diffusion at the coal face atepeased slightly. All three of the

inert gases had similar methane mixing and diffusibthe coal face region, as shown
in Figure 5-13. The carbon dioxide produced theatgst mixing of the three inert gases
and the nitrogen produced the least. The contofitke nitrogen and boiler gas are

very similar, as shown to be the case previously.

For each of the three cases, the explosive zoraddat the end of the highwall drive
increased in size and moved closer into the highdrale, as shown in Figure 5-14.
The carbon dioxide produced an enlarged explosivee zclose to the end of the
highwall drive. This was irregular in comparisom the size and position of the
explosive zone, as demonstrated for the other pmet depths. This behaviour
occurred for both the injection angles of 0 andd&@rees, with only a slight variation.
The nitrogen and boiler gas behaved similarly wiglgard to the explosive zones,
increasing in size in comparison to the 150m patietr depth. The shape of the
explosive zone indicated that the lower cornerhef diagonally tapered explosive zone

expanded into the highwall drive. The boiler gesdpiced a slightly smaller explosive

5
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Figure 5-13 Methane Concentrations in Coal Face Reg ion at a Penetration Depth of 200m
(Inert Gas Injected at 0 Degrees)
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zone in comparison to the nitrogen. The angle npéction of the inert gas also
influenced the size of the explosive zone.

5.3.3 Penetration Depth of 250 Metres

CFD analyses indicated, as the penetration demtfeased from 200 to 250m, that
methane mixing and diffusion at the coal face afsmeased slightly. The carbon

dioxide provided the largest amount of methane mgénd diffusion of the three gases,
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Figure 5-15 Methane Concentrations in Coal Face Reg ion at a Penetration Depth of 250m
(Inert Gas Injected at 0 Degrees)
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Figure 5-16 Methane/Oxygen Concentrations at Highwa |l at a Penetration Depth of 250m
(Inert Gas Injected at 0 Degrees)

as shown in Figure 5-15. It should also be noked, tof the three gases, the carbon
dioxide had the smallest amount of methane accuronlat the coal face and floor
regions. The nitrogen and boiler gas had similath@ne concentration contours with
substantially larger amounts of methane accumulatetie coal face and floor. The

boiler gas provided slightly more methane diffusaom@ mixing than did the nitrogen.

The explosive zone for each of the three casesased slightly in size at the highwall
end of the drive, as shown in Figure 5-16. Théaardioxide produced an explosive
zone located a few metres from the end of the hajhwrive, consistent with

penetration depths of both 150 and 300m. The getmoand boiler gas, once again,
behaved similarly with regard to the explosive mnacreasing in size in comparison
to the 150 and 250m penetration depths. With cegashape, the lower corner of the

diagonally tapered explosive zone expanded slightiyer into the highwall drive.

5.3.4 Penetration Depth of 300 Metres

Once again, as the penetration depth increased #5@nto 300m, CFD analyses
indicated that methane mixing and diffusion at twal face region also increased

slightly. The carbon dioxide provided the largastount of methane mixing and
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Figure 5-17 Methane Concentrations in Coal Face Reg ion at a Penetration Depth of 300m
(Inert Gas Injected at 0 Degrees)

diffusion of the three gases, as shown in Figulg 5with the boiler gas producing the
least methane mixing. The nitrogen and the bodes had similar methane
concentration contours with substantially largeoants of methane accumulated at the
coal face and floor. The nitrogen provided slightiore methane diffusion and mixing
than did the boiler gas. It should also be noked the carbon dioxide had the smallest
amount of methane accumulation at the coal facelandregions. The explosive zone
began to decrease in size and moved away fromighevhll drive, as seen in
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Figure 5-18 Methane/Oxygen Concentrations at Highwa Il at a Penetration Depth of 300m
(Inert Gas Injected at 0 Degrees)
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Figure 5-18. The carbon dioxide produced an exytozone located only a few metres
from the end of the highwall drive, consistent witie penetration depths of both 150
and 250m. Once again, the nitrogen and boilebghaaved similarly with regard to the
explosive zones, in this case decreasing in simgaced with the 150, 200 and 250m
penetration depths. The shape of the explosive zodicated that the lower corner

curved away for the highwall drive and tapered talsdhe top of the highwall drive.

5.4 Conclusion

These analyses provide valuable insight into undedéing the behaviour of methane
under varying conditions. The three major paramseiavestigated included the
penetration depth of the drive, type of inert gaeduand angle at which the gas is
injected. Results of the analyses identified thetigcbution of each of these parameters
to the individual behavioural properties of eachtlud three inert gases trialled. In
general, results indicated that the carbon dioxades 0 degree angle of injection, was
most effective in controlling methane/oxygen coricaions. As discussed in the
proceeding chapter, these results may greatly tagsisletermining how to safely

maximise current highwall mining operations at Mheura Mine.
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6. Discussion

A detailed discussion of the results presentedhaper 5 is provided below, including
the significance and limitations of the findingsdatheir overall implications for
highwall coal mining at the Moura Mine.

6.1 Comparison of Inert Gases

Results of the CFD analyses indicated that the ftypénert gas injected into the
highwall drive during coal mining is a significdiaictor in determining the effectiveness
of the ventilation system with regard to minimisiaugd controlling oxygen and methane
concentration levels. The behaviour of the methaineng and diffusion in the coal
face region when inert gases are injected intchtgbwall drive has a direct influence
on various characteristics of the explosive zortbatighwall end of the drive.

Methane released by coal has the lowest densB@g@g/nt) of all the gases within the
highwall drive and, naturally, it would be expectédt this gas would move toward the
highest point in a given region (Kreith & Bohn 2001 Recognising this natural
tendency of methane is beneficial in determininfgaive mechanisms by which to

move the gas through the drive with the use ofrdikation system.

For all three of the inert gases trialled in timgastigation (nitrogen, carbon dioxide and
boiler gas), the velocity of the pathlines at ae@ree injection angle, or parallel to the
sides of the drive, provided the least turbulertch@ coal face region with little to no
turbulence elsewhere in the drive. The velocity@ase observed above the injection
point on the roof of the drive was apparently duéhe change in pressure caused by the
injection of the inert gases, leading to a pressiop towards the top of the drive and

velocity gradient across that section of the drive.

The CFD analyses consistently indicated that theweur of the boiler gas and of the
nitrogen was, in most cases, very similar. Themanable behaviour of these two gases
can be attributed to the fact that 85% of the Ibajies consists of nitrogen. The high
percentage of nitrogen in the boiler gas strongfijuenced the overall properties of the
mixture including the overall density of the gaBhe 14% carbon dioxide in the boiler

gas, to a lesser extent, also influenced the bebawf the mixture, resembling some of
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the characteristics observed of the pure carboxidkagyas. Based on the initial angle of
injection (0O degrees), the gas followed the cordoofr the machine due to its high

injection velocity parallel to the surface of theachine. The mixing of the three inert
gases in the coal face region produced similartetuone another, due to the fact that
the same high initial velocity of the inert gaserted into the drive created a
comparable degree of turbulence for each of thegga3he diffusion of gases, or lack
of diffusion, observed along the length of the drafter mixing at the coal face had
occurred, played a major role in the concentratibgases in the mixture at the surface
at an injection angle of 0 degrees. Greater ddfusccurred for the nitrogen and boiler
gas, relative to the carbon dioxide. When theoggn and boiler gas, along with the
methane, reached the surface, the mixture wasdateen by outside air moving down

the highwall face. The resulting decrease in tlesszsectional area of the velocity
pathlines led to a subsequent increase in the tglotthe mixture leaving the drive.

The distance between the velocity pathlines ine@agth penetration depth, indicating
that there was a decrease in the velocity of thdure throughout the domain. This
decreased velocity also allowed more time for tiffuglon of gases making their way

to the surface.

The large variation in density of the carbon diexi@l.80kg/m) and methane

(0.668kg/n), along with the minimal turbulence within the\drj compared with the

other injection angles trialled, contributed to tiieergence of the gases within the drive
at a 0 degree injection angle. This behaviour elE®rved behind the injection point of
the mixture returning to the surface. This sepamatvas particularly pronounced at the
highwall end of the drive. Here, the carbon diexwias dispersed throughout the drive
and a concentration of the lighter methane waseexidt the top of the drive. This was
demonstrated by a concentration of velocity pa#ddialong the roof of the drive and,
later, ascending up the highwall. Due to the canthoxide’s higher density, it was also
able to force a greater amount of the methane trencoal face and floor, acting as a
single body of fluid in order to displace the metha Mixing in the coal face region

was dominant in comparison to diffusion, influendsdthe turbulence created by the
high velocity and angle of inert gas injected itite drive. The carbon dioxide like the
nitrogen and boiler gas followed the contour of thachine and acted like a body of
fluid due to the lack of turbulence produced witthie drive. As the angle of injection

increased, the turbulence in the drive also ine@@ad his, along with the higher density

of the carbon dioxide relative to the other ineases, resulted in greater mixing of the
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methane. Density is generally considered to bergortant factor in the diffusion of
two or more gases, as stated by Fick’s Law of Bifia (Turns 1996). However, over
the length of the drive, between the injection paind surface, diffusion was minimal

for the carbon dioxide illustrated by the clearagegion of the gases.

Generally, at most penetration depths, the separati carbon dioxide and methane
observed at the highwall leads to the methane gidrom the end of the drive.
However, an interesting anomaly occurred in thiesgtigation at a penetration depth of
200m, where the velocity pathlines were similathiose of the nitrogen and boiler gas.
In this case, the mixture leaving the end of theedwas forced down and out by the
outside air at the surface moving down the highwa&lbntrary to the other penetration
depths, the separation and concentration of th@anetalong the roof of the drive was
not present. This unexpected result is incondiséth the other findings, where a
reduction in the separation of gases was founceastmtion depth increased, observed
at all three of the remaining penetration depthalléd. The unusual finding was
observed at the penetration depth of 200m on tvferdnt occasions, including for
inert gas injection angles of both 0 and 30 degrekcating that it was not due to a
CFD operator error. Further analysis is requiresirailar penetration depths in order to
further understand these findings.

For all three cases, the degree of mixing of gaselke coal face region and diffusion
along the length of the drive strongly influencée size of the explosive zone at the
end of the highwall drive. Specifically, when glhnidegree of mixing in the coal face
region (due to the injection angle) and diffusiareothe length of the drive occurred,
there was a resulting increase in the size of ¥pdosive zone, while minimal mixing

and diffusion resulted in the smallest explosivéenezo The amount of mixing and

diffusion experienced was also directly affectedly angle at which the inert gas was

injected into the drive, as well as the penetratiepth of the drive.

Overall, results indicated that the carbon dioxiges the most effective of the three
inert gases trialled in controlling methane conedrmans within the highwall drive. The
boiler gas was found to be the second most efieend the nitrogen the least effective,

although these latter two gases produced genesiatijar results.
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6.2 Comparison of Inert Gas Injection Angles

The angle at which the inert gas was injected th&eohighwall drive was also found to
be a critical factor in the effectiveness of thentiiation system with regard to
minimising oxygen and methane concentration levélse angle of injection was found
to directly influence the mixing behaviour of thasgs at the coal face. For each of the
three inert gases trialled, this investigation ed&®d three different injection angles of
0, 30 and 60 degrees. CFD analyses indicated dkathe angle of the inert gas was
increased, the mixing of the gases in the coal fagen also increased for each of the

inert gases.

When the inert gas was injected at 0 degrees, tthane mixing was found to be
minimal in the coal face region, in comparisonhe other injection angles trialled. For
each of the inert gases, at a 0 degree injectigleathe gas followed the contour of the
machine. The reduced mixing at the coal face tlyeafluenced the size of the
explosive zone produced at the end of the drivle Imallest explosive zones were
produced for each of the inert gases at a 0O degjeetion angle, and this can be
attributed to the minimal mixing of methane obsdnea this particular angle in
comparison with the other injection angles trialledth of which resulted in greater
mixing of methane. The velocity pathlines indicttat, at a O degree injection angle,
the inert gases were able to push the methanedipurof the drive. This occurred due
to the smooth circulation pattern of gases in wipelticles released from the inlets
(inert gas injection point, coal face and coal flomere observed. The carbon dioxide
produced the least mixing of the methane and igastthan did either the nitrogen or
the boiler gas. As described in the previous sacin relation to different densities, the
carbon dioxide was able to assist in pushing thtname up and out of the drive. The
carbon dioxide thus produced the smallest explasives, located away from the end of
the drive. The separation of the gases occurritiggmthe highwall drive, as described
in the previous section, resulted in less influentethe outside air on the carbon
dioxide. This was due to the higher density amtliced methane mixing and diffusion
at this angle of the carbon dioxide, in comparismithe other inert gases trialled. In
contrast, the nitrogen and the boiler gas mixeth Wie methane, reducing the ability of
these inert gases to push the methane from the.dMmhese two inert gases produced
similarly shaped and sized explosive zones at iigeo¢ the highwall drive. With these

gases, the low density and slow velocity of thetarix leaving the end of the drive was

VENTILATION OF HIGHWALL MINING TO CONTROL METHANE CONCENTRATION AT THE MOURA MINE
| PAGE 75



ENG4111/4112 Research Project Chepb — Discussion

directly influenced by the heavier atmospheric mioving down the face of the

highwall, pushing the mixture down and out of thieel

For all three of the inert gases trialled, as thgle of injection increased, the mixing
with methane also increased in the coal face regiooducing a larger explosive zone.
At a 30 degree angle of injection, it was foundtthi@e inert gas injected still
predominantly followed the contours of the machiféis assisted the gas, to a varying
degree, to push the methane from the coal facdélemdand out of the drive, aiding the
natural tendency of the methane. The carbon deopidvided the largest amount of
diffusion of the three gases and this was infludrgits higher density, consistent with
Fick’'s Law (Turns 1996). The boiler gas and th&ogen were very similar to one
another in their behaviour, with less mixing obgeihcompared to the carbon dioxide.
As noted previously, due to the low density of thdw/o inert gases, they were
ineffective in removing as much methane from thal dace and coal floor as did the
carbon dioxide. The increase in the size of th@asive zone was apparently due to the
additional mixing with methane experienced in tloalcface region and, later, in the
drive due to the increased turbulence and diffusiBpecifically, the increased mixing
and diffusion increased the volume fraction of théture such that there was a
potentially explosive methane concentration whexeghiwith the atmospheric air at the
surface, increasing the size of the explosive zohiee tendency of the explosive zone
to move toward the end of the drive is due to #duced velocity of gases leaving the

end of the drive, owing to the additional turbule®xperienced.

At a 60 degree angle of injection, each of theghrert gases experienced the largest
mixing with methane, contributing to the largesiplesive zones created. At this
injection angle, none of the inert gases followed tontours of the machines, as was
true with each of the previous cases. The inceagection angle produced a large
degree of turbulence which contributed to the rapixing of the gases within the coal
face region. Once again, the carbon dioxide predulbe greatest mixing of methane in
the coal face region. The nitrogen and the bajes produced similar mixing and
diffusion contours due to their similar propertiehe increased turbulence experienced
in the coal face region due to the large injectogle assisted in producing the largest
explosive zone for each of the three gases. Téssltr was due to the greater

distribution of methane throughout the inert gawvieg the highwall drive. Once again,
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the smallest explosive zone was produced by theonadioxide, for the same reasons
as previously described. The boiler gas and thegen, as before, produced similar
methane/oxygen distributions. The explosive zagain, moved toward the end of the
drive due to the reduced velocity of gases leavivggend of the drive, owing to the

additional turbulence experienced.

Overall, these results indicated that for eachhefthree inert gases trialled, an angle of
injection of O degrees produced the least mixingnethane in the coal face region,
contributing to the greatest reduction in the sikéhe resulting explosive zone. It was
concluded that, as the angle of injection increaseging due to turbulence at the coal
face region also increased, along with the sizthefexplosive zone. Additionally, as
the angle of injection increased, there was a nibskdt in the location of the explosive

zone toward the end of the highwall drive.

6.3 Comparison of Inert Gas Penetration Depths

The penetration depth of the highwall drive wasoabietermined by the two-
dimensional CFD analysis to be an important fagtothe size of the explosive zone
produced. For each of the three inert gasesddads the penetration depth of the drive
increased, diffusion of methane and gases withindhve also increased due to the
additional length of the drive and the time reqdifer the gases to reach the surface,
resulting in an increase in the size of the expgione. However, this increase in the
size of the explosive zone was minimal in comparisothat which occurred as a result
of mixing of the gases as the angle of injectiacréased, as described above. Though
minimal in this analysis, the increase in the siz¢he explosive zone due to increased

penetration depth resembles that which occurstuhmining situations.

As the penetration depth of the drive increasedctiveesponding time for the gases to
reach the surface also increased providing a gréiate for gases to diffuse on their
way to the surface. The increased diffusion predic greater volume of gas with
dangerous quantities of methane when later mixel thie oxygen in the air on the
surface leading to an enlargement of the explogwee. Therefore, in this case,
enlargement of the explosive zone can be attribtdeah increase in penetration depth

with a concomitant increase in diffusion of gasesrdhe greater length of the drive.
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The nitrogen and the boiler gas, as in the prevaases, behaved similarly. For these
gases, the mixing and diffusion experienced incthed face region was minimal with an
increase in penetration depth. With greater deptiy a slight increase due to the
additional diffusion was experienced in the regiortomparison to that observed with
the change in the inert gas injection angle. Bifin for each of the inert gases
increased with penetration depth. This diffusinfiuenced the explosive zone with a
clear increase in size as the penetration deptieased. The nitrogen and boiler gas’s
change in velocity at the end of the highwall drivas not clearly seen in the velocity
pathlines, due to the slight change in relationhi faster outside air at the highwall.
The faster outside air and the additional volumethwa dangerous methane
concentration contributed to the explosive zoneaedmg into the lower corner of the
drive as the penetration depth increased from @5fb0m. A reverse in the profile of
the explosive zone was seen at 300m, curving away the base of the drive. This
result was due to the outside air dragging the siuwture of inert gas and methane
leaving the drive, away from the end of the drivelhe mixing and diffusion
experienced with the boiler gas was slightly Idsantthat with nitrogen, due to the
influence of the carbon dioxide and oxygen whicbvided a slight variation in the

individual properties of the mixture.

The carbon dioxide, as with the other inert gasedled, experienced a minimal

increase in the mixing and diffusion of methanéhi@ coal face region with an increase
in penetration depth. An increase in the diffusadong the length of the drive was
indicated by the slight reduction in separationtloé gases within the drive. The
explosive zone reduced in size at the 0 degreeeaighjection at penetration depths of
150, 250 and 300m, indicating that the decreastatiye and turbulence of the carbon
dioxide and methane over the greater length cangto this occurrence. The carbon
dioxide acted as a single body of fluid, pushing lighter methane out of the drive. An
anomaly occurred at a penetration depth of 200myekier, requiring further

investigation, as noted previously. Generally,iagrease in penetration depth was
found to improve the control of methane/oxygen emtations within the highwall

drive. A reduction in the flow rate of the gasedtie drive due to pressure applied from
the top of the drive led to reduced turbulence aggdeater ability for the carbon dioxide
to push the methane from the drive. This appeaisdicate that a reduction in the

injection velocity and flow rate has the potential further improve the ventilation.
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However, at an increased angle of injection, sigaift mixing of carbon dioxide and
methane resulted in a similar shape, size andiposiff the explosive zone to those
produced by the other inert gases.

Overall, results indicated that the shape and itee &f the explosive zone are directly
influenced by the penetration depth of the highwlalle. At penetration depths of 150,
250 and 300m, the nitrogen and the boiler gas d¢ednt increase in the size of the
explosive zone in comparison to the carbon dioxid@ch led to a reduction in the size
of the explosive zone with greater depth. An arlgroaecurred at one penetration depth
trialled, that of 200m, for the carbon dioxide, wgog further investigation. The

possibility of a reduction in the flow rate of th@ert gas has economic potential in

regard to both the cost and the effectivenesseohiphwall mining operation.

6.4 Conclusion

This investigation has identified that the pen@ratdepth, type of inert gas and the
angle at which it is injected are all important graeters in optimising the current
highwall mining operation at the Moura Mine. Th&otdimensional CFD Fluent

highwall drive analysis indicated that carbon daexiprovided the greatest control of
methane concentrations. The boiler gas appeanste been influenced by its small
amount of carbon dioxide, and it was found to eedcond most effective of the three
inert gases trialled. The results of the nitrogame very similar to those of the boiler
gas, however, they were slightly less effectiveaclE of the inert gases was most
effective at a O degree angle of injection and rimteted as the injection angle
increased. Finally, an increase in penetratiorttdigdl to an improvement in methane
control for the carbon dioxide, suggesting thaeduction in the flow rate should be
considered in future work. For both the nitrogem ahe boiler gas, the control of
methane decreased at greater penetration depths.
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7. Conclusions

This investigation aimed to identify ways to reduegplosive methane/oxygen
concentrations at the Moura Mine’s highwall coalnimg operation and, thus, to
provide a greater understanding of the behaviowgaskes within the highwall drive so
that both safety and productivity could be maximiseThe study used Fluent CFD
software to elucidate various possible ventilatomfiguration systems with regard to
the control of methane, involving variations in tigpe of inert gas used and the angle
of injection of the inert gas at different penatratdepths.

A review of the background and relevant literatihestrated that the highwall coal
mining method is continuing to develop and to offeme operators the ability to
recover coal that would otherwise be unable to ohimsing more conventional
methods. The highwall method is becoming more lyid@mplemented at Australian
coal mines, including at the Moura Mine, particlylaver the past 10 years. However,
as this method becomes more widely utilised, ts&sriinvolved have also become
increasingly problematic. Primarily, potentiallypdosive methane gas released from
coal during mining has been determined to posebatantial risk, including the loss of

equipment and fatalities of mine workers.

The Moura Mine has shown high methane concentmiimsome regions of the mining
operation which have limited overall highwall coaining production. Recent research
has illustrated that the control of methane comegiphs is an important factor in
improving the safety and productivity of highwallimmg operations. A greater
understanding of methane migration within undergtbmining operations appears to
be the key to improving current methane controtesys. Ventilation using inert gases
provides a means to control methane concentratiods thus, optimise this system of
mining. In highwall mining applications, as welhert gases have been trialled in
ventilation systems and, in some cases, have hemessfully implemented. In other
cases, however, the use of inert gases to impratbane control has proven to be less

than optimal with substantial explosive zones stiident.
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Computational fluid dynamics (CFD) provides an ipensive and effective means to
generate and test various ventilation configuratmodels in an attempt optimise the
methods utilised within underground mines. Thigetyof modelling can be directly
applied to highwall mining, as well, including dtet Moura Mine. This mine has
specifically identified that a greater understagdof the current highwall methane
control measure could potentially improve safetyl gmoduction with the ability to

reach greater penetration depths, particularlyherigassy’ northern side of the mine.

Numerical analysis is a powerful tool that usesdhmental equations for fluid flow to
predict the behaviour of fluids. As noted, thigaatigation used Fluent CFD software
to create and analyse a two-dimensional model@Mbura Mine highwall operation.
In producing this model, certain assumptions werguired and parameters were
defined based on information that was provided&author from a variety of different

sources.

Results of these analyses provide valuable insightunderstanding the behaviour of
methane under varying conditions at the highwadll coining operation at the Moura
Mine. The three major parameters investigateduaed the specific type of inert gas
used, the angle at which the gas is injected aedp#metration depth of the drive.
Results illustrated the contribution of each of stheparameters to the individual
behavioural properties of each of the three inegeg trialled and each was found to
have a significant influence. Specifically, the @CBnalysis indicated that, of all the
inert gases trialled, carbon dioxide provided theeatgest control of methane
concentrations. As the boiler gas appears to baea influenced by its small amount
of carbon dioxide, it was found to be the secondtnedfective of the three inert gases
trialled. The findings for the nitrogen were vesinilar to those of the boiler gas,
however, this gas was determined to be slightly &ffective. Each of the inert gases
trialled was most effective in regard to the cohttbmethane at a 0 degree angle of
injection, parallel to the surface of the continsiominer, and deteriorated as the
injection angle increased. Finally, unexpectediy, increase in penetration depth
appears to have led to an improvement in methangatdor the carbon dioxide. This
may have been due to the decrease in velocitytmegudtom the increased penetration
depth, with a secondary reduction in flow rater Bath the nitrogen and the boiler gas,

the control of methane decreased at greater péioetdepths.
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The findings of this study should provide an ineesh understanding of methane
migration and, thus, a more effective means torobmhethane at the Moura Mine
highwall mining operation, which should subsequeiidd to improved productivity
and safety. As described below, however, reseapgortunities still exist to further

optimise and improve the safety and productionigifiwall mining operations.

7.1 Implications of the Findings

This study was the first of its kind to be undeeakwith regard to the control of
methane concentrations at the Moura Mine highwadll enining operation. Although
the results of this initial investigation do notostgly correlate with data collected
directly from the mine with regard to the positiohthe explosive zone, they provide a
great insight into the behaviour of inert gases amthane within the highwall drive.
The findings offer an indication of the effectiveseof different inert gases, including
carbon dioxide, nitrogen and boiler gas, with regés the penetration depth and
injection angle of the gas. Specifically, as notéte findings indicate that carbon
dioxide injected at a O degree angle into the hahwrive results in the optimum
ventilation configuration with regard to the comtf methane. This information
should be extremely useful in the development ofeHiactive ventilation system to
control methane concentrations and, thus, to imgrsafety and productivity at the
Moura Mine. The model could prove to be usefubmattempt to improve methane
control in other highwall coal mining operationglan other similar mining operations,

as well.

7.2 Limitations of the Study

The simplification of the analyses utilised in thigestigation has illuminated important
characteristics, in regard to geometry and fluidwfl that were not previously
considered. Specifically, for the two-dimensio@#D analysis used, it was assumed
that the width of the drive was infinite in compsm to the height, and this, in fact, was
not true. This inappropriate assumption affectesl hehaviour of the flow within the
drive due to the lack of friction that, in an adta@éuation, would have been applied by
the ribs or walls. Additionally, methane releasean the walls, roof and conveyer, as
a secondary methane source for the drive, washietta be effectively introduced to

the model. The two-dimensional CFD analysis alsted to consider that the inert
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gases are injected from a 150mm pipe and not freenaacross the width of the drive,
as assumed. The assumption of a steady statetioondue to a slow progression of
mining failed to provide for an explosive zone detent with real data collected from
the mining operation, where an explosive zone tlearinert gas injection point was
identified. Parameters such as the temperaturdseajases, the surface roughness and
material of the walls and machine and precise gégmeere all ignored in this study,
and these may each have an important influencendeds to be determined. Finally,
the flow rates of methane into the drive were basedeports of expert observation and
not on scientific evidence, due to the wide varigtgeological conditions experienced.
Therefore, they cannot be considered to be dirgethted to the data in regard to the

position of the resulting explosive zone.

7.3 Directions for Future Research

Future investigation into improving the ventilatioh highwall coal mining in order to
control methane concentrations should consideryapplstrategies that will reduce or
eliminate the limitations of this investigation, @stlined above. This is important both
in future research at the Moura Mine, specificalind in research into other mining
applications.  Primarily, future research shouldn aio avoid the inappropriate
assumptions made during this investigation as asthe over-simplified representation
offered by the two-dimensional analysis. A thr@mehsional unsteady CFD model
with a moving mesh would provide greater insighd aoresight into improving
highwall ventilation systems in the future. Additally, as noted earlier, other
parameters such as the temperatures of the gasksdirthe surface roughness and
material of the walls and machine as well as peegsometry are all important to
explore in future research in regard to the implaey may have on the fluid flow within

the drive.

Finally, as noted above, an increase in penetratiepth unexpectedly led to an

improvement in methane control for the carbon dlexi It is possible that the decrease
in velocity of a gas that occurs with an increasepenetration depth results in a
reduction in the flow rate of that gas. This sigipg finding suggests that a reduction
in the flow rate of carbon dioxide should be coasadl in future work.
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The findings of this investigation illustrate thggrsficant potential for this type of
research to aid in a greater understanding of tigeation of gases within highwall coal
mining operations. Further, these methods coulgrially be applied within any
mining applications that require an in-depth unerding of the behaviour of fluids in
confined or poorly ventilated spaces. In the fefwimple, pre-defined models that can
be easily adapted for various applications couldteated for use by operators while
mining operations are actually in progress. @Nethere are exciting possibilities for
this type of research to continue to be utilisedvorking toward the optimisation of

mining safety and productivity in Australia and Vevide.
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Appendix A: Project Specification
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TOPIC: Ventilation of Highwall Mining to Control Meane
Concentration at the Moura Mine

SUPERVISOR: Dr Ruth Mossad

ENROLLMENT: ENG4111 — S1, 2006
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methane ventilation practices within highwall migiat the
Moura Mine in Central Queensland using computati@ingl
dynamic (CFD) software.

PROGRAMME: Issue A, March 2006

1. Research background information about coal minieghiods in particular
highwall mining in both Australia and at the MoWine and the importance
methane ventilation systems during mining.

2. Conduct a literature review on research undertakenow methane ventilation
impacts on highwall mining methods and practicas@tMoura Mine.
3. Select an appropriate technique to model highwallng ventilation systems a

the Moura Mine.

4. Develop a thorough understanding of the CFD softvmackage in order to be
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configurations.
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7 Complete dissertation.
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Appendix B: Moura Mine
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Figure B-1 Map of Bowen Basin Queensland (  Australia’s ldentified Mineral Resources
2005)
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Appendix C: Moura Mine Methane Gas Charts

Miner Gas Monitoring
Highwall Mining Gas Levels
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Figure C- 1 Moura Mine Highwall Coward Diagram for  Methane (Kunst, G 2006, pers.
comm., 16 July)
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Figure C-2 Moura Mine Highwall Coward Diagram Metha ne/Oxygen Concentration
Results (Kunst, G 2006, pers. comm., 16 July)
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Appendix D: CFD Results for Boiler Gas

D.1. Gas Injected at 0 Degrees

The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the base of the highwall for the varioesgtration depths when the boiler gas is
injected at O degrees.
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The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the coal face region for the various patienh depths when the boiler gas is
injected at O degrees.
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The mass fractions (%) of the methane gas and oxgjehe base of the highwall are

shown below for the various penetration depths wherboiler gas is injected at O degrees.
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The mass fractions (%) of the methane gas withenhiighwall drive at the coal face are
shown below for the various penetration depths wherboiler gas is injected at O degrees.

Note that 0% oxygen concentration was indicatetthimregion.
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D.2. Gas Injected at 30 Degrees

The velocity (m/s) particle path lines from theringas injection point, coal face and floor

shown at the base of the highwall for the varioesgtration depths when the boiler gas is

injected at 30 degrees.
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The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the coal face region for the various patienh depths when the boiler gas is

injected at 30 degrees.
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The mass fractions (%) of the methane gas and oxgyiehe base of the highwall are
shown below for the various penetration depths wtien boiler gas is injected at 30

degrees.
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The mass fractions (%) of the methane gas withenhiighwall drive at the coal face are
shown below for the various penetration depths wtien boiler gas is injected at 30

degrees. Note that 0% oxygen concentration wasdtet in this region.
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D.3. Gas Injected at 60 Degrees

The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the base of the highwall for the varioesgtration depths when the boiler gas is
injected at 60 degrees.
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The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the coal face region for the various patieh depths when the boiler gas is

injected at 60 degrees.

Figure D-45 Velocity Path Linesat 150m Figure D-46 Velocity Path Lines at 200m
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The mass fractions (%) of the methane gas and oxgjehe base of the highwall are
shown below for the various penetration depths wtien boiler gas is injected at 60

degrees.
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The mass fractions (%) of the methane gas withénhtighwall drive at the coal face are
shown below for the various penetration depths wthen boiler gas is injected at 60

degrees. Note that 0% oxygen concentration wasdtet! in this region.
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Appendix E: CFD Results for Carbon Dioxide

E.1. Gas Injected at 0 Degrees

The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the base of the highwall for the varioesgtration depths when the carbon

dioxide is injected at O degrees.
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The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the coal face region for the various patieh depths when the carbon dioxide is
injected at O degrees.
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The mass fractions (%) of the methane gas and oxgjehe base of the highwall are

shown below for the various penetration depths wherboiler gas is injected at O degrees.
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Appendix E — CFD Results for Carbon Diexid
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The mass fractions (%) of the methane gas withenhiighwall drive at the coal face are
shown below for the various penetration depths wiencarbon dioxide is injected at O

degrees. Note that 0% oxygen concentration wasdtet in this region.
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E.2. Gas Injected at 30 Degrees

The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the base of the highwall for the varioesgtration depths when the carbon
dioxide is injected at 30 degrees.
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The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the coal face region for the various patieh depths when the carbon dioxide is
injected at 30 degrees.
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The mass fractions (%) of the methane gas and oxgjehe base of the highwall are

shown below for the various penetration depths wtien boiler gas is injected at 30

degrees.
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The mass fractions (%) of the methane gas withenhiighwall drive at the coal face are
shown below for the various penetration depths wthencarbon dioxide is injected at 30

degrees. Note that 0% oxygen concentration wasdtet in this region.
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E.3. Gas Injected at 60 Degrees

The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the base of the highwall for the varioesgtration depths when the carbon

dioxide is injected at 60 degrees.
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ENG4111/4112 Research Project Appendix E — CFD Results for Carbon Diexid

The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the coal face region for the various patieh depths when the carbon dioxide is
injected at 60 degrees.
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The mass fractions (%) of the methane gas and oxgjehe base of the highwall are
shown below for the various penetration depths wtien boiler gas is injected at 60

degrees.
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The mass fractions (%) of the methane gas withénhtighwall drive at the coal face are
shown below for the various penetration depths wtencarbon dioxide is injected at 60

degrees. Note that 0% oxygen concentration wasdtet! in this region.
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Appendix F: CFD Results for Nitrogen

F.1. Gas Injected at 0 Degrees

The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the base of the highwall for the varioasgtration depths when the nitrogen is

injected at O degrees.
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The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the coal face region for the various patien depths when the nitrogen is

injected at O degrees.
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The mass fractions (%) of the methane gas and oxgjehe base of the highwall are

shown below for the various penetration depths wherboiler gas is injected at O degrees.

Figure F-9 M ethane Concentration at 150m Figure F-10 Oxygen Concentration at 150m
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The mass fractions (%) of the methane gas withenhiighwall drive at the coal face are
shown below for the various penetration depths wthemitrogen is injected at O degrees.

Note that 0% oxygen concentration was indicatetthimregion.
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F.2. Gas Injected at 30 Degrees

The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the base of the highwall for the varioesgtration depths when the nitrogen is
injected at 30 degrees.
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The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the coal face region for the various patien depths when the nitrogen is
injected at 30 degrees.
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The mass fractions (%) of the methane gas and oxgyjehe base of the highwall are
shown below for the various penetration depths wtien boiler gas is injected at 30

degrees.
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The mass fractions (%) of the methane gas withenhiighwall drive at the coal face are
shown below for the various penetration depths wthemitrogen is injected at 30 degrees.

Note that 0% oxygen concentration was indicatetthimregion.
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F.3. Gas Injected at 60 Degrees

The velocity (m/s) particle path lines from theringas injection point, coal face and floor

shown at the base of the highwall for the varioesgtration depths when the nitrogen is
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injected at 60 degrees.
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The velocity (m/s) particle path lines from theringas injection point, coal face and floor
shown at the coal face region for the various patien depths when the nitrogen is

injected at 60 degrees.

Figure F-45 Velocity Path Lines at 150m Figure F-46 Veocity Path Lines at 200m
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shown below for the various penetration depths wtien boiler gas is injected at 60

degrees.
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Figure F-53 M ethane Concentration at 250m Figure F-54 Oxygen Concentration at 250m
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The mass fractions (%) of the methane gas withénhtighwall drive at the coal face are
shown below for the various penetration depths wthemitrogen is injected at 60 degrees.

Note that 0% oxygen concentration was indicatethimregion.
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