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ABSTRACT

In recent decades, the subject of cod and gas outburst in underground cod mines has
been a focus of interest in Audralia and worldwide. Much of this interest has been the
result of the daming increese in outburst related incidents and associated fatdities
world wide, paticularly in Ching, Russa, Ukrane and other mgor cod producing
countries.  Audrdia, on the other hand, has seen a relative decline in outburst related
incidents, for the last three years no outburst related incident has been reported.
Effective gas drainage programmes, better management of outburst prone zones,
tougher regulations and a continuing programme of dedicated vigilance and research
have collectivdly contributed to improvements in outburst prevention. Still, however,
difficult problems remain to be addressed. Geological disturbances such as dykes,
sher planes and increased mingdisation can influence cod permesbility and
porosity. These disturbances must be fully understood in order to develop an effective
on gas drainage programme and reduce outburst risks. Accordingly, a programme of
laboratory sudies was underteken to investigate the reationship between cod
composition, cod volumetric change and cod permegbility. Cod samples for this
dudy were obtaned from four different codmines in  Audrdia (Tahmoor,

Metropoalitan, Dartbrook and North Goonyella) and Tabas codminein Iran.

Coa samples were tested in different types of gases and under different gas pressures
and dress conditions. Cod permesbility tests were conducted in the gas pressure

chamber of the multi-function outburst research rig (MFORR), and the volumetric



change tests were caried out in a modified pressure bomb. Microscopic studies
provided a better correlation between cod compostion permesbility and shrinkage
Characterisics A numerical modd was developed to smulate sngle gas flow through

acod sample. The smulation further supported the experimenta studies.

The petrographicad tests showed that most of the Audrdian cods tested were
inertinite rich cods. The minerd matter in the Audrdian cod samples were mosly
carbonate (calcite) and clay, but the Iranian Tabas cod had pyrite as the dominant
mineral matter. Tabas cod has the highest vitrinite concentration (70%) and lowest
proportion of inertinite dements (8.18%), the lowest vitrinite content was obtained

from North Goonyella cod.

There was a definite corrdation between cod compogtion, cod volumetric change
and cod permesbility. Volumetric drain changes during the adsorption dtage in dl
gas environments were grester than the volumetric strains in the desorption stage. The
levd of cod shrinkage was affected by the type of gas desorbed. Carbon dioxide

appears to have the greatest influence on the matrix and nitrogen the leest.

The permeability of cod was dso influenced by the gas type and pressure.  Greater
gas permesbility was obtained in N2 gas, and the lowest permeability was obtained in
a CO; environment. The sorption characteristics of CO, are a maor factor. The
degree of cod permesability is reduced exponentialy by increasing the agpplied dress
and dso by increasing the confining gas pressure, irrepective of the gas type. The

permegbility tests showed that with an increased inertinite content the permesbility of



cod increased, except in the case of Tahmoor Colliery 900 Pand which showed a
decrease. Comparison of the Tahmoor coas from 800 and 900 Panels showed that the
permesbility of cod was influenced by the minera content and the carbonates, as
well as the cavities. In particular; there was a reduction in cod permesbility with
increasing minerd content and carbonate content of the cod. With an increase in the

percentage of inertinite, the permesbility of cod increased.

The numericad moddling provided an opportunity to quantify the flow mechanism in
cod. It was possble to smulate the flow duration across the coa samples as a
function of time with different gases and cod types. It was recommended tha the
study be extended to include more coa deposts and cods with different geologica

variaions, 30 that an effective data bank can be established for Austraian cods.

Vi
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CHAPTER ONE: General introduction

CHAPTER ONE

GENERAL INTRODUCTION

1.1 INTRODUCTION

Audrdia is one of the world's leading cod exporters, with an annua export capacity
exceeding 200 mt. The totad annua production of cod in Audrdia amounts to 10%
of the totd world production of around three billion tonnes. The mgority of the cod
mined in Australia comes from the eastern states of Queendand and NSW. The totd
annua sdedble cod production from dl Audrdian codmines in 2003 amounted to
around 275 mt. 56% of this tota production came from Queendand, 41 % came from
NSW and the remaining 3% came from the other dates of Western Audrdia, South
Audrdia and Tasmania Almost one third of the coa production comes from 63
underground coadmines. There were 29 operating longwall faces in 2003, producing
around 73m tonnes out of a total underground production of 80mt. This represented
around 90% of the tota underground cod production. Coa seam depth and the
prevailing geologicd conditions influence the productivity of an underground
operation.

Generdly, the productivity of an underground operation, be it by longwal mining or
the bord and pillar system, is highly influenced by the presence of mine gases and the

ease with which the cod seam can be drained. Gas outburst is influenced by the
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ground stress and sorbed gases present in high quantities and at high pressures in cod
seams and surrounding stratifications.

Mogt codmine gas if undrained could contribute to the phenomenon of gas outburst
with varied consequences, depending on the severity of the outburst. The present
practice of mine gas drainage is playing a vitd part in alowing the mines to operate
safely and with increased production. Cogting around $ 0.50 per tonne mined (Cram,
2002), the draining of cod seams has dgnificant obvious economic benefits in
addition to the safety benefit of reducing the onset of cod and gas outbursts. Cod
outbursts conditute one of the important factors that can influence any mine

production and productivity. From Figure 1.1 It can be seen that five mineswith
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IMuswellbrook
|Camberwell |
|Soringvde  L/W
|Mount Thorley

|Ulan  L/W |
|Charbon |
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\
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Warkworth |

Bengdla |
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0O 5000 10000 15000 20000 25000 30000 35000 40000
Saleable cod production per employee per year, Tonnes

Figure1.1 Productivity comparisons NSW of top longwall mine output with
opencast mines for 2002-2003 (Cram, 2003)
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longwal faces are achieving outputs in parity with the high output opencast mines
(Cram, 2003). It has been shown that in codmines with reduced risk of outburst, the
productivity can match that of the opencast operations.

Clealy, for the mines to remain economicaly viable, it is essentid that an effective
gas drainage programme form an integrd pat of the mining operation. The success
of such drainage operdaions is dependent on the drainage properties of the coad and
the geologicd conditions. The permegbility and porodty of the cod ae important
factors influencing the efficiency of a gas drainage programme, and accordingly, any
mine contemplating introducing a drainage sysem must underteke close scrutiny of
the coa deposit conditions.

Volume change of cod as measured in laboratory tests has been shown to have a
direct corrdation with the effidency of gas dranage ingtu. Accordingly, it is the
main objective of this sudy to examine the extent of the cod dhrinkage and its
influence on cod permegbility with respect to the type of the gas drained and the

deposit pressure.

1.2 COAL AND GASOUTBURST

Outburst can be defined as a sudden release of coal (coal and rock) accompanied by
large quantities of gas into the working face or other mine workings (Harvey, 2001).
Outburgt represents a mgor codmining hazard, which may lead to a dust or gas
exploson, with subsequent dedruction of mine dructure, leading to the loss of

equipment and possible injury or death to miners.
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Gas outburgt is influenced by the ground stress and by sorbed gases in high quantities
and a high pressures. The following circumstances may contribute to the occurrence

of outbursts (Hargraves, 1983):

Presence of a sufficient quantity of gasin the cod seam (high gas content)

Locd fracturing and partiad crushing of cod at faults, dyke intrusonsin the seam,
etc. (coa seam geology)

Cod of low permesghility to the passage of gas

Coal strength (cod characterigtics)

Stressregime

Some factors are easlly controllable while control of others, has been proven to be
more difficult. Gas drainage has been proven to be successful in reducing the outburst
hazard by reducing the in-gtu gas pressure. Influencing the effectiveness of gas
drainageis cod permedhility.

Permegbility is a property of any porous medium and can be smply explained as the
measure of the ability of a medium (rock) to conduct fluids. The permesbility of cod
is influenced by the viscosty of the fluid contained in the cod (gas type in this case)
and changes to the cod matrix. Coad matrix changes occur as a result of change in the
dress regime, which in turn may be influenced by the rdease (drainage) of in-gStu
gas, i.e, dl factors are inter-related (Gunther, 1968; Patching, 1965; Puri and Seidle,

1992).
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1.3STATEMENT OF THE PROBLEM

To conduct an effective gas dranage programme for any underground mining
operation, the programme requires a better undersanding of the permesbility and
porodty of cod as well as the geologicad conditions of the seam section drained. A
clear understanding of the consequences of a gas drainage programme with respect to
its influence on cod moigture content and volumetric changes in the cod, in what is
known as cod drinkage, is vitdly important. Also important are the level and
intengty of the geologicd anomdies and igneous intrusons in the cod seam. Such
intrusons have been found to reduce and at times completely nullify the gas drainage
effectiveness. With igneous intrusons such as thick dykes and shear planes the
properties of the coad understandably will be influenced. Accordingly, a better
approach would be to assess the drainage properties of the coal on ether side of the
intrusion through assessment of the influence of the gas type and gas pressures on the
volumetric changes of the cod and to use the change to assess the drainage potentia
of the cod seam. This issue represents a clear chdlenge and conditutes the red
statement of the problem.

Despite the incressed number of mines with mature programmes of gas drainage,
there remains the lack of a common database system of dl Audrdian cod deposts
which would list properties such as permesgbility, porosty and the like. Accordingly
there is an urgent need to edtablish such a database for the future benefit of the

indugtry. This thesis provides the basis for development of this database.
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1.4 OBJECTIVES OF RESEARCH

b)

d)

To evduate the influence of gas type and gas pressure on the permeability

characterigtics of various coa seams.
To establish parameters affecting the cod volumetric changes.

To edablish a credible procedure to predict the drainability of cod in
advance of mine development by examining the shrinkege characteritics of
cod under different gas types and gas pressures. Also to assess the merits of

the methodology as a standard for future assessment of other coa seams.

To determine the influence of geologicd intrusons on permesbility and
porodty based on the red andyss of cod samples in advance of mine

development headings.

Thus the man dgnificance of the ressarch work will be the edablishment of a

relidble and easly repeatable technique for assessng the outburst proneness of cod

ahead of the heading development, thus enabling a suitable gpproach to be put in

place to dlow for safe mining of the cod deposit.

1.5 RESEARCH PROGRAMME

The research programme undertaken conssted of eight distinct phases. Table 1.1

indicates the research timetable and the main research activities pursued.
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Tablel1l.1 Research activities and timetable

2002 2003 2004 2005
S| S| | S| S| S St

TASK

Literature survey of the coalbed gas and

associated hazards.

A survey of the |atest tests on adsorption—
desorption, permeability and volumetric
changes of coal, their equipment and

procedures.

Familiarisation with the existing equipment
and its modification for the proposed —

research.

Collecting coa samples from different
coalmines, their preparation, and then

petrological studies on them.

Testing  volumetric  changes  and
permeability of coal, data collecting and I —

processing of the collected data.

Modelling single-phase flow through coal

samples.

Thesis preparation and submission of final

thesis.

S;= 1% Academic Session, S,= 2™ Academic Session

1.6 THESISOUTLINE

Thethesisis presented in 8 chapters. A flowchart of the arrangement of thisthesisis

shown in Figure 1.2.
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4 )
CHAPTER ONE

GENERAL INTRODUCTON

CHAPTER TWO

OUTBURSTS-A REVIEW OF MECHANISMS
OF GASFLOW IN COAL

'

CHAPTER THREE

A REVIEW OF THE IMPACT OF COAL PROPERTIES
SUCH ASPERMEABILITY AND SHRINKAGE

v

CHAPTER FOUR

COAL PETROGRAPHY

v

CHAPTER FIVE
INFLUENCES OF GAS ENVIRONMENT ON
VOLUMETRIC COAL MATRIX CHANGE

v

CHAPTER SIX
THE EFFECT OF GAS PRESSURE AND
UNIAXIAL STRESS ON COAL PERMEABILITY

v

CHAPTER SEVEN
GASAND COAL PROPERTIES ASSOCIATED WITH EXPERIMENTAL
STUDIES ON OUTBURST CONTROL,
(TAHMOOR COLLIERY, SYDNEY BASIN, AUSTRALIA)

v

CHAPTER EIGHT
CONCLUSIONS AND FURTHER RECOMENDATIONS

Figure 1.2 Structure of chaptersin thesis.
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Chapter 1 presents the general purpose of the research ams and objectives of

the thesswork.

Chapter 2 includes the dudies caried out on the instantaneous outburst
mechanism and the factors that contribute to this mechanism, such as cod
seam thickness, depth of burid, cod geology, cod structure, strength of cod,
igneous intrusons, and the ground dtress regime. These factors, together with
gas migration in cod seams, form the subject of review and discusson in this

chapter.

Chapter 3 detals a review of fundamentad dudies on dhrinkage and

permeshility of cod.

Chapter 4 contains theoretical aspects of cod petrography, including the tests

performed and a discussion of the results.

Chapter 5 describes extensive tests conducted to investigate swelling and
drinkage of the cod matrix by various gases a different pressures for
measuring the dhrinkege coefficents and comparing the determined

coefficients with those of other researchers.

In chapter 6 a brief description of the coad permesbility tests is given together

with ther results. These tests were caried out to determine the permegbility
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behaviour of the cod matrix as a function of gpplied axid dress a different
gas pressures for various gases (CHg, CO,, N2 and a mixture of CH,/CO,). It
adso contains rexults of the moddling of snglephase (gas) flow phenomena

through different coa cores.

Chapter 7 describes tests carried out on cod samples from Tahmoor cod mine

(Audrdia) as a cae sudy and andysed them to show the interreating data

which could be obtained.

Chapter 8 summarises the results and principa conclusions of the research

work presented in the thesis and gives suggestions for further research.

10
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CHAPTER TWO

OUTBURSTS—-A REVIEW OF MECHANISMS

OF GASFLOW IN COAL

2.1 INTRODUCTION

The influence of cod gas on the occurrence of outbursts in underground codmines
requires a good underganding of the mechanism of gas flow and the gas sorption
characterisics of cod. This is important in addressing the chalenges presented to the
mine operators and plannersin extracting cod safdy and efficiently.

The production of gas from the coa seams is a by-product of the codification
process, in which vegetable matter like wood and peat is converted to cod. The
amount of gases remaning in a cod depost during mining is dependent on Seam
thickness, depth of burid, coad geology, cod dructure, srength of cod, igneous
intrusons and the ground dress regime. These factors, together with gas migration in

cod seams, form the subject of review and discussion in this chapter.

2.2 COALIFICATION PROCESS

Gases associated with cod and cod measure rocks are a by-product of the

codlification process (Stach et d., 1975), which is defined as the process of increasing

11
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the carbon content of the buried organic materiad such as peat and wood, and can be
distinguished as a biochemical stage (diageness).

During the fird dtages of the codification process, methane is produced from the
degradation of plant and anima materid by aerobic and anaerobic bacteria. Reduced
acidic conditions and temperatures are required. Unless the peat is deeply buried at
this stage, the methane and other gases generated are emitted to the atmosphere or
trgpped in the overlying sediments. As the depth of burid of the peat increases, risng
temperature and pressure dlow the geochemica sage of codification to occur, and
low-grade cod dowly metamorphoses into bituminous cod. At this stage, cod gases
such as methane, carbon dioxide, nitrogen and water are released due to natura

physica and chemica reactions.

2.2.1 Stages of the coalification process

Figure 2. 1 shows the stages of the codlification process. The process is divided into
three stages known as humification, diageness and metamorphism (Van Krevden,
1981). A number of theories have been proposed, and one theory suggests that “time’
is the mgor factor in the codification process. This theory has become unpopular
because it has been recognized that there is no orderly increase in the metamorphic
rank of cod with increasing age. Van Krevelen (1981) based on observations from
the Moscow Cod Basn assarted that time has no mgor influence on the codification
process. In the second theory pressure is regarded as the mgor factor in cod

metamorphoss.

12
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Plant materid
Dehydration Turf A\
I Biochemicd process
Brown coa
Catagenes's
[
Bituminous cod Geochemical process
Meageness |
Anthrecite

Figure2.1 Caodification process (after Lama and Bodziony, 1996)

The theory is refuted by numerous geologicd examples, such as the fact that
suppressing excessve methane formation (one of the codification reections) results
in dower reaction (codification) a higher pressures or where the metamorphic rank
does not increase in highly deformed and folded drata (Speight, 1983). An increase in
pressure can actudly retard the chemical dteration of pesat to cod but produces some
physica changes in its texture (porosity, compactness). A third theory suggests that
the maximum temperaiure to which the coa has been subjected over geologica time
is the important factor in cod meamorphoss. Geologica examples (igneous

intrusons into cod seams) demondrate that edevated temperature could cause

13
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codification, which can eadly be confirmed by laboratory experiments (Mackay,

1983).

2.2.2 Gasesin Coal

Lohe (1990) dates that water, carbon dioxide and methane are generated during the
progressve metamorphisn of cod, tha water and carbon dioxide are produced
chemicdly during metamorphism of lower ranks of cod, but tha methane is the
predominant fluid generated in bituminous and anthracitic cod formation. Carbon
dioxide, methane and water are produced during increasing coa ranking as illustrated

by Hargraves (1966) in Figure 2. 2.
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Figure 2.2 Generd release profiles for methane, carbon dioxide and water
as codlification proceeds (after Hargraves,1966).
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The quantity of gas formed during the codification process has been the subject of
sudy for decades. Figure 2.3 shows the quantities of gas generated from different

ranks of coa during the codification process.

coal rank
20

lignite
subbituminous
70 —

high-
volatile
bituminous

—_

Ny

o
|

medium-
volatile
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Methane

Temperature, °C

low-
volatile
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(]

semi-
anthracite

170 —

Nitrogen Carbon dioxide

220

\ anthracite

270

[ I I
0 50 100 150 200

Yield, Litre/kg

Figure 2.3 Different gas quantities generated during codification
(after Levine and Deul (1989)

According to Patching (1970) nearly 1300 ni /t of gas can be generated from the
formation of cod. Thakur and Dahl (1982) clamed that for each ton of cod formed,

about 765m° methane and 565nT carbon dioxide are generated. Eddy, Rightmire and

15
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Byrer (1982), Temme (1990) reported that the amount of methane liberated during
codlification ranges from 200 nv'/t to as high as 765 nTit.

The compostion of cod seam gases vaies worldwide, with methane being the
dominant gas content, however, the proportion can vary from one locdlity to another
in the same seam or between different seams. Creedy (1991) reported that the seam
gas content includes 80-90% methane as the dominant gas and between 0.2 and 6%
CO,. Modade (1999) edimated for the southern coad basn of Belgium that the
average gas compostion is 97.5% CH,, and 0.9% CO,. Rice (1993) reported that US
cod was predominantly CH; with CO, in the Piceance Basin ranging between 0%
and 25.5%.

Lama (1991) edimated that Audrdian cods contain less than 1.5% of the totd gas
generated during the formation of the cod, and Hargraves (1990) estimated the gas
content of the Bulli cod a a depth of around 500m as 15 nt/t. The magor gas in
Audrdian cod beds is normdly methane (Gould, Hargraves and Smith 1987; Bustin
and Clarkson, 1998) but in some mines such as Tahmoor and Metropolitan Colliers,
cabon dioxide forms the dominant gas in some sections of the mine (Williams,
1991). Bishop and Battino (1989) described the composition of Austraian cod seam
gas as condsting of more than 90% methane, but with smaler quantities of carbon
dioxide, nitrogen, and other gases.

However, Lama and Bodziony (1996) reported on coa and gas outburst histories in
Audrdia and worldwide. Their comprenensive reporting on outburds in the
Audrdian scene, mainly from the two mgor cod producing basns, namdy the

southern codfidds of Sydney Basn in NSW and the Bowen Basin of Queendand,
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has demongtrated the variations in the nature of the outburst occurrence and the types
of gases associated with various blagts. For example the outburst a Collinsville
Colliery was CO, (> 90%) based whereas the outburst a Lechhardt Colliery was
mainly a methane-based exploson. Others studies on the Audrdian outbursts scene
include Hargraves (1963 b, 1983), More and Hanes (1980), Smith and Gould (1980),
Hanes, Lama and Shepherd (1983), Clark, Battino and Lunarzewski (1983), Williams
(1991), Lama (1995b) and Faiz and Hutton (1995).

Faz and Hutton (1995) reported that geologica structures were the cause of the
CO,/CH, varidions in the lllawvarra cod measures. The highest concentration of
carbon dioxide is locdized lateraly aong mgor faults as a locd pocket, and near
anticlines and domes (structurad highs) areas of pure CO, gas can occur. Garner
(1999) reported that some places in the southern and eastern margins of the lllawarra
cod measure have been subjected to magmatic (igneous intrusons) activity such as

dykes and sllIs resulting in a high percentage of carbon dioxide.

2.2.3 Effect of igneous intrusions

Experience has shown that CO, gas occurs in an increased amount in the vicinity of
dykes and other magmatic intrusons. This is due to the fact tha these intrusons
sometimes act as a barier and prevent carbon dioxide gas from migraing until they
are fractured, releasing trapped gases.

The increased percentages of CO, associated with igneous intrusions is attributed to

the physico-chemica agpect of the process in which cod in the vicinity of igneous
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intrusons is burned and its carbon and hydrogen content are oxidized as (Speight,

1983):
C (9 +0,(9) ® CO,(9) (2-1)
2H, (@) +0,(9) ® 2H,0(g) (2-2)

Sometimes the procedure may occur in two stages, for which its equations are:

2C(s) +0O, (9) ® 2CO(g) (2-3)
and then:
2CO(g) + 0O, (9 ® 2CO; (9) (2-9)

The letter (g) indicates the gaseous state and the letter () the solid dtate. Another
posshility for increasing the amount of carbon dioxide may result from the following

equation:

CH4 +20, ® CO, +2H,0 (2-5)

It can be seen that CO, is formed as a result of a reaction between CH; and a
aufficient amount of oxygen. This is a clear explandion for the increased CO,/CH,
ratio, and shows that, by burning, the seam gas methane in the vicinity of magmatic
intrusions is converted to carbon dioxide. It should be mentioned that the entrgpment
of cod gas by solid and non-permesble surrounding strata must occur so that the

exigting gas cannot escape.
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2.3 PHYSICAL STRUCTURE OF COAL

The gas in cod is dored in a fundamentdly different way than in conventiond
sandstone or carbonate (sedimentary rock) naturd gas reservoirs. In conventiona
reservoirs, the primary storage is in the form of compressed gas in void spaces within
the rock matrix (Cred and Rollins, 1993). At lower pressures, cod can store more gas
per unit volume than conventional reservoirs. The reason for this enhanced storage
capacity is atributed to the large pore surface area of coa. Cod is considered to be a
dud porosity rock (Gamson, Beamish and Johnson 1996; Harpaani and Chen, 1997,
Harpalani and Ouyang, 1999; Cui, Bustin and Dipple, 2004a-b).

The matrix dructure of cod is characterized by both micropores <2nm and
macropores >50 nm in sze, and based on the Maidebor (1973) classfication for
porous and nor+ porous fractured reservoirs, cod reservoirs are classfied as a porous
fractured reservoir. Between the two systems of micro and macropores, there
appeared to be no clear trandtory pore system (Van Krevelin, 1981). Later Littke and
Leythaeuser (1993) showed that there were three distinct pore systems of micropores
(<50 A), mesopores (50 to 500 A) and macropores (500 A to about 50mm). The
macropore sysem condsted of a naturadly occurring network of fractures caled the
cleat system. Doscher, Kuuskraa and Hammershaib (1980) stated that “cod is not a
porous medium”, and this was soon chdlenged by other researchers (Gray, 1995),
who showed that coa can be a porous medium because its structure is occupied partly
by a solid (matrix) and partly by a void space, with the latter being occupied by one

or more gases. Figure 2.4 a-b shows eectron micrographs of acod matrix.
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Figure 2.4 Electron micrographs of a cod matrix.
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During the burid of decayed plant materid, a large amount of gases is log, and the
amount of gas retained per ton is known as the seam gas content. The storage of the
remaining gases in the cod dructure occurs in two different forms, in one by sorption
into pores and microfractures which account for most of the surface area of cods
(Mahgan and Walker, 1978; Kim and Kissdl, 1986; Ettinger and Serpinsky, 1991
and Yee, Sadle and Hanson, 1993), while the rest occurs as free gas. Saghafi (2001)
and Gray (1987) showed that sorbed gas condtitutes about 85-90% of the total gas
content of the cod, and its amount increases with the free gas pressure. Rightmire
(1984) introduced a third option in which gas can be sored in a dissolved form in

groundwaeter within the coa seam (Figure 2.5).

Totd gas
volume

Free gas Disolved Adsorbed
volume + | gasvoume

Figure 2.5 Gas storage mechaniam.

However, Murry (1991) went further and suggested that gases could be retained in a
cod bed in four different ways:

- Adsorbed molecules within micropores (<2 nm in diameter)

- Trapped gas within matrix porosty

- Free gas

- Asdissolved gasin ground water within acod fracture
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Figure 2.6 shows how the gasis stored in cod as free gas or adsorbed gasin the form

of amonomolecular layer on the interna surface of the cod .

Adsorbed Gas

Figure 2.6 Gas dtoragein cod (after Harpalani and Schraufngel, 1990).

2.4 GASSORPTION IN COAL

Gas adsorption and desorption or simply gas sorption is a physca process of gas
movement in and out of cod under given environmenta pressures. Adsorption
describes a more or less uniform penetration of gases into the molecular structure of
cod. Molecules and aoms can atach themsdves onto surfaces in two ways,
physisorption and chemisorption.

In physsorption (physical adsorption), there is a weask Van der Wadls atraction of
the adsorbate (the gas attached on the pore surface) to the surface, and the attraction

to the surface is weak. During the process of physsorption, the chemica identity of
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the adsorbate remans intact. Adsorption has a surface effect whereby gases are
physicaly hed on the surface of cod. Desorption refers to the movement of gas out
of coa. Chemisorption is an irreversible process where gases are held on the surface

of the cod by chemicd forces.

Moffat and Wede (1955) and Zwietring and Van Krevelen (1954) worked on these
different kinds of sorption and described the process of gas sorption on cod as easly
reversble. This easy progress towards equilibrium between sorption and desorption
thus implies that the gas on the surface of cod is adsorbed physicdly and that this
phenomenon is not chemisorption.

The bigger its internal surface area, the more molecules that can be trapped on the
cod surface. Generdly this means that a good adsorbent (the solid that takes gas up)
will be very porous and full of many tiny holes on its surface that effectively increase
its surface area by many times. Sorption depends on various factors such as the
moisture, temperature and minera content of the cod, as well as the porosity of the
coal, especidly with respect to the micropore structure, because these pore spaces can
account for up to 85% of the total porosty (Mahgan, 1982). The cod gas is held in
place by the hydrogtatic pressure of the pore fluids in the surrounding drata. As
pressure increases with depth, deeper cod seams generdly contain more ges. Faiz
and Cook (1991), by studying various cod samples from New South Waes, found
that depth of cover is the most important factor controlling the gas retention capecity
of cod, while minerd content is the secondary factor. As can be seen from Figure 2.7
there is a relationship between the depth and the volume of adsorbed gas, and by

increasing the depth the capacity for gas sorption will increase.
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Figure2.7 Effect of increase in depth on desorbable gas content of cod seams
(after Lama, 1991)

On the other hand, by increasng the minerd content the sorption capacity will
decrease. As dated previoudy, amost 95 % of stored gas n cod is in an adsorbed
date as a monomolecular layer on the surfaces of fissures, cracks and cleavages, and
only a smdl percentage (<5%) is in the free State. Jolley, Morris and Hindey (1968)
estimated that the surface area of one kilogram of cod coud be between 20,000 nf
and 200,000 i, and later Saghafi (2001) estimated that the pore surface area varies
between 50,000 nf and 300,000 nf, which corresponds to 25 nv/t of gas held in cod
(Creedy, 1991). The amount of free gas present is related to the porosity of the rock
and depends upon the gas absolute pressure and temperature. The free gas content in
cod can be cdculated using the following reationship (Boxho et d., 1980; Vutukuri

and Lama, 1986; Rabia, 1988):
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c, =F = 213 (2-6)
P T
where;
C, = Free gas, m®/t
F = Rock porosity, m3/t
p = Absolute gas pressure, kPa
P, = Barometric pressure, kPa
T = Absolute strata temperature in degrees, K

Patching (1970) assumed the porosity of cod is in the order of 3% to 10%, and
McPherson (1993) estimated between 1% and 20%, and therefore, even a
compardively high pressures, the amount of free gas present in cod is smdl. In
contrast, Bugtin and Clarkson (1999) suggested that free gas in matrix porosity must
be consdered in al coa-bed methane explorations, especidly in low rank cods,
because there are free gases trapped in the matrix porosity, such as free gases in cod
fractures, and the amount of them cannot be measured by conventiond tests. From
Figure 2.8 it can be seen by mercury porosmetry for different coas that the
cumulative porosty and mean pore Sze varies for different ranks and that lower rank

cods have ahigher pore diameter for the same porosity.
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Figure 2.8 Cumulative porosity for different cods. (after Bustin and Clarkson,
1999)

Changes in pressure, temperature and mining conditions can cause pat of the free
gas to adsorb. Conversdly, some of the adsorbed gas may be released to become free
gas (Peng and Chiang, 1984).

Adsorbed methane gas in cod a pressures normaly encountered in coamines is
adequatdly described by Langmuir's isotherm (Ruppd, Grein and Bienstock, 1974,
Gregg and Sing, 1982; Yee, Sedle and Hanson, 1993; Beamish and Gamson, 1993).
The relation between the quantities of gas that can be contained in coad a given

temperatures and at different pressures can be plotted as sorption isotherms. Ogle
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(1984) and Bartosewicz and Hargraves (1984) derived the isotherms for CH; and
CO» gasss a the same temperature (Figure 2.9) and found that coa has a subgtantialy
greater capacity for CO, than for methane, implying tha cod generdly adsorbs

carbon dioxide much more readily and strongly than methane.
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Figure 2.9 Volume of different gases adsorbed by cod under various pressures.

Langmuir (1918) derived an equation for the idedlized monolayer adsorption of

methane on cod matrix, which is now known as the Langmuir equation:

_ abp

1+ bp @7
where
Q = Quantity of methane gas adsorbed at a given pressurep , m3/t
P = Pressure of adsorbate gas, kPa
a = Langmuirs congant representing methane gas absorbed as pressure® ¥

m3/t
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b = Langmuir'sconstant with dimensions of (-
p
Congtants a and b are more dependent upon a number of factors such as.

Nature of gas
Temperature
Moisture

Effects of Oxidization
Rank of coa

Cod condtituents

Langmuir's modd of adsorption gives a smple picture of adsorption, the one most
favored for use a pressures encountered in cod seams. This modd assumes only
monolayer adsorption, and the posshility of the initid overlayer of adsorbate acting
like an absorbent surface is not considered. The occurrence of additiond adsorption
beyond monolayer coverage has been trested by Brunauer, Emmett and Teller (1938),
and their trestment results in what are known as BET isotherms. BET isotherms are
useful in cases where multilayer adsorption is consdered. The BET modd was based
on the Langmuir (sngle layer of molecules) modd. The theory assumed that the gas
molecules could be adsorbed in multimolecular layers. Once a date of equilibrium
was reached, the number of molecules ariving a a particular layer from the gas
phase, in unit time, will be equd to the number leaving that layer by eveporaion. The
generd rddionship for the multimolecular layer isotherms is given as follows (Ellis

1953):
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S(POP. P solc * (scoézlgf 28

where:

P = Saturation vapour pressure of the gas, Pa

S = Monolayer capacity, kg

S = Weight of the adsorbate at pressure P, kg

C = Congtant (The exponent of «(E1-Ee)/RT where E; isthe latent heat of
adsorption (Jmol™Y) of thefirst layer and E: is the latent hest of
condensation of the gas (Jmol™))

R = Universal gas congtant = 8.3144 Jmol * K™*

T = Temperature, K

This equdion it suitsble for high vapour pressures, in which multilayer adsorption

may occurs after the micropores arefilled (Gregg and Sing, 1967).

2.5 TRANSPORT OF GASIN COAL

Methane will flow out of pores of cod if there is a pressure gradient acting as a
driving force. When the pressure in the cod seam is reduced through mining,
methane begins to desorb and migrate through the cod matrix and through naturd
fractures known as cleats. As shown in Figure 2.10 the migration of methane through
the cod matrix can occur through diffuson, wheress its movement through cleds is
by laminar flow (Cervik, 1969 and Giron, Pavone and Schwere, 1984) governed by

Darcy’slaw, and termed Darcy flow.
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Figure2.10  Trangport of gasin cod. (after Harpalani and Schraufnagel,1990)

Generaly, there are at least two sets of nearly perpendicular fractures that intersect to
form an interconnected network throughout a cod-bed (McCulloch, Dud and Jeran,
1974). These two fracture systems are known as face and butt cleats. Scott (1994)
showed the genera structure of cod in relation to face and butt clest spacing (Figure
2.11). The shorter butt cleat terminates a a face cleat, which is the prominent type of

cleat (Figure 2.12).

Figure2.11  Face and butt cleatsin the coa structure (after Scott,1994)
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Figure212  Face and butt cleats

The angle between the between the face and butt cleats is around 90" (McCulloch,
Dud and Jeran, 1974; Cui, Bustin and Dipple, 2004a). McElhiney, Paul and Young
(1993) noted that the spacing between cleats varies according to factors such as the
cod maturity, the minerd matter and the carbon content, but normaly is of the order
of 25 mm and more in dimengon.

Research carried out by Massarotto, Rudolph and Golding (2000) on some Austraian
cod samples determined the approximate width of the gperture and the length of the

face and butt cleat spacing (Table 2.1).
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Table2.1 Length of cleat spacing and gperture in cod. (after Massarotto,
Rudolph and Golding, 2000)

Cleat Spacing
Face cleat spacing 10-25 mm
Butt clest spacing 10-22 mm
Aperture 0.1-2mm

According to Close (1993) and Ryan (1995) cods with bright lithotype layers, with a
high percentage of vitrinite maceras, have a greater amount of cleats than dull cods.

The mechanism of cod cleating has been long discussed by many researchers, and a
common underganding is that cleats are formed due to the effects of the intringc
tendle force, fluid pressure, and tectonic stress (Laubach et al., 1998; Su et a., 2001).
The intrindc tensle force arises from matrix shrinkage of cod, and the fluid pressure
arises from hydrocarbons within the coal. These two factors are considered to be
intrinsc reasons for cleat formation.

On the other hand, the tectonic dtress is regarded as extringc to cleat formation and is
the mgjor factor that controls the geometric pattern of cleats. Face clesats extend in the
direction of maximum in gtu sress and butt cleats exted in the direction of
minimum in Situ gtress. Thisiswhy regular cleats are formed in face and butt pairs.
Microscopic observations by Gamson and Beamish (1992) indicated three sets of
cleats present in cod: face, butt and the curviplanar cleat direction, which intersects

both face and buit cleats as shown in Figure2.13.
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Figure2.13  Idedlized representation of microstructuresin cod.
(modified from Gamson and Beamish, 1992)

Reiss (1980) presented three different network geometric modds for smulating the
fractured reservoirs network. As shown in Figure 2.14 ad, these fracture network
models consst of a “sheets modd”, a “matchsticks’ modd and a “cubes’ modd. In
the sheets modd (Figure 2.148) only one sat of fractures is consdered. The
matchgticks model (Figure 2.14b) shows two sets of fracture planes, which are
perpendicular to each other. Three different orthogona fracture planes lead to the
formation of the cubic modd, which consss of severa cubes put together.
According to the width of fractures, the cubic modd is further subdivided into two
different models. In one of these, the width of the horizontd sat is very thin, while in

the other dl fractures have the same width (Figure 2.14 c-d).
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{b) Match-sticks

(¢) Cubes with impermeable
horizontal edges

Figure2.14  Typicd fracture networks including the possble directions of flow.
(after Reiss, 1980)

Harpdani and Chen (1997) used the matchsticks model to represent the coa-bed
reservoir. However, this modd ignored the exisence of the three sats of fracture
systems as they consdered the third fracture system as bedding planes being closed
because of the overburden weight and thus lacking any role in conducting coa gases.

The mogt recent modd reported by Li, Ogawa and Shimada (2003) considered gas
flow behaviour in sheared cods. As can be seen from Figure 2.15, three different gas
flow categories through the coad matrix were classfied. These categories were based

on the form of the cod, i.e. normal, brittle and ductile deformed codl.
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(b} brittle deformed coal le) ductile deformed coal

Figure2.15  Themost recent modd of gas flow through codl.
(after Li, Ogawa and Shimada, 2003)

In norma cod, as previoudy described, gas desorbs from the interna cod surfaces to
diffuse through the cod matrix and micropores to cleats and then enters the laminar
flow regime Caaclasic cods, which result from the formation of sheared cods
through a brittle deformation mechanism, have interconnected pores and continuous
cleats. They ae divided into blocks of szes intermediate between the cleat and

microfractures sze. It is clear that in as much as the dimensons of these blocks are
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andler, the mean diffuson disances are dhorter, implying that the gas quickly
reaches fractures and cleats for laminar flow. From Figure 2.14 it can be concluded
that there are three different stages in the transport of gases through sheared coals.
The firgd dtage involves diffuson from and through the micropores to microfractures.
Secondly, the flow of gas proceeds through microfractures to cleats or fractures, and
the last dtage is gas movement through cleats and fractures to the open surface.
Ductile deformed cods are cdled mylonitic cod and are located in specid sructurd
postions such as thrust ramps and smdl-scde vergent folds. In this kind of cod Al
fractures are tightly compressed, which means less ability to conduct the gas as well
as a vast specific surface area, which is the specification of a good gas reservoir. This
type of cod dways exhibits low connectivity and results in the gppearance of high-
pressure gas pockets, which represent one of the most wel defined outburst prone
placesin codmines.

In this research, because the cod samples are chosen from normdly formed cod and
come from deep codmines, it is therefore assumed that the matchsticks mode for the

flow of gas through the cod matrix is gppropriate.

2.6 STRENGTH OF COAL

Change in cod srength due to gas sorption has been a subject of interest for severd
decades. The interest in the effect of sorbed gas type and pressure on the strength of
cod is in relation to better understanding of the outburst proneness of the codl.
Studies by Czaplinski and Holda (1982, 1985), Gustkiewcz (1985), Tankard (1958),

Jackson (1984), Hiramatsu, Saito and Oda (1983), and Holda (1986), showed that
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there was a clear rdationship ship between gas pressure and cod strength.  Increased
gas pressures caused a reduction in coa srength. However, Ates and Barron (1987)
chdlenged this finding, and based on their experimentd study and on the work of
Tankard (1958), they did not find a dgnificant reduction in the cod drength they
tested. More recently, Aziz and Ming-Li (1999) studied the influence of gas type and
pressure on the drength of cod. Based on their andyss of the rate of drilling and
paticde sze andyds of drill flushings from pressurized cod samples and in different
gaseous environments, they concluded that there was a clear influence of gas type and
gas pressures on cod srength. Wang and Yang (1987) proposed the following
relaionship, based on ther observations on Chinese cods, and dedt with an

important index that combined gas emisson rae and cod drength for outburst

assessment:

K =Dpyg.go! f (2-9)
where,

K = Gas emission index / outburst tendency index; kPals

Dp1o- 60 = Emission rate of gas released from the cod sample; kPals

f = Protodyakonov strength coefficient of the cod sample.

When gas pressure reaches or exceeds 0.6 MPa, outburst tendency increases with
increesing K vaue: K < 15, a coal seam is not liable to outburst; 15£ K < 40, acod
seam is liable to outburst; K 3 40, a cod seam is likely to have a serious outburst. As
can be seen in Equation (2-9), the K vaue is directly proportiond to the gas emisson

rate Dpjqy goand inversdy proportiond to the coa srength (f ). When Dp,q gl
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congdant, the outburs tendency is determined only by cod drength. The
Protodyakonov strength coefficient (f ) is measured by a smple test designed to
determine the degree of pulverization of rock on impact (Protodyakonov, 1963; Lama

and Bodziony, 1996).

2.7 SUMMARY

In this chapter, a review of cod codification processes and the various changes in
cod have provided a clear understanding of the ways that gases are formed and
accumulated in cod seams. Factors influencing their pressurization, their sorption and
their influence on the strength of cod have provided a better understanding of the role
and effectiveness of the cod dructures for enabling effective future planning of mine
gas dranage sysems for efficent gas drainage. Effective drainage can only be
achieved through determination of the permesbility and porosity of the cod and the
changes in the cod matrix due to gas pressures, which are the subject of the next

chapter.
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CHAPTER THREE

A REVIEW OF THE IMPACT OF COAL PROPERTIES

ON GAS SORPTION

3.1 INTRODUCTION

The current practice of controlling outburst is by a concentrated program of gas
drainage by borehole drilling. The postion and orientation of the holes varies from
one location to another and dso depends on the mining methods.  The success of the
drainage relies upon efficient sorption of the gases from the cod depost. Cod rank,
cod temperature and ambient temperature, as well as the gas compostion, depth of
the working and intrusons are a number of parameters tha are known to influence
cod sorption characteristics. The direct effect of these parameters will be on
volumetric matrix changes, related to the cod permesbility as wdl as the drength

properties, which are the subject of review in this chapter.

3.2 COAL MATRIX CHANGE

The cod matrix swels and shrinks as the gas is first adsorbed and then desorbed in
the cod, and the extent of the changes is influenced by the type of gas and the
pressure. Carbon dioxide causes a greater degree of coa matrix change compared to

methane, and these changes are not confined to the matrix structures aone, but rather
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they dso embrace cleats and other fractures in cod and thus have a profound
influence on coa permesbility and porosity.

Clearly, the issue of volumetric changes and its implications for the Audrdian cod
scene is in its infancy, and very few cod seams in Audrdia have been dudied in
detall to evduate the extent of the use of cod shrinkage to better understand the
potentia of the seam for effective drainage capability with respect to cod rank and
cod purity.

This section ams to shed light on the importance of coa volume change and its
influence on the gas drainage capability of seams through changes in the cod matrix
sructure, as well as the fractures and cleavage systems that are influenced by the cod

matrix changes.

3.2.1 Early research on coal matrix shrinkage related to sorption

Interest in cod dhrinkage and sweling dates back dmost 100 years, Table 3.1 lists
various studies undertaken from the turn of the last century to the present day.

Table3.1 Cod matrix shrinkage indices

Reference Gas Swdling/shrinkage
coefficient, MPa)
MOffgggg’)V ede CH, 117x 10°®
?fgnég‘;r CHa 1.90x 10 - 476 x 10°®
W“%&Sﬁggg; and CHa 9.65x 10°- 476 x 10°
ch(rffgts%) Petel Cco, 452x 107
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(gg% CHa 1.25x 10°*

Gray CO» 1.82x 10
(1987)

Juntgen CH,4 1.77 x 10°
(1987)

Harpalani & Schraufnagd CHa 4.27x 10°®
(1990)

Harpalani & Chen CH,4 2.30x 10°®
(1997)

St. George & Barakat CH,4 1.20x 10°°
(2001)

St. George & Barakat CO, 520x 10
(2001)

Seide & Huitt CHa 1.96 x10™
(1995)

Sddle& Huitt CO> 1.78 x10™*
(1995)

Levine CH,4 1.30 x10°°
(1996)

Levine CO> 5.50 x 10°°
(1996)

Dunn & Alehossdn CH4 1.77x10°- 1.95x 10°°

(2002)

The research undertaken on the subject includes both experimenta and theoretica
reports, as well as numericd dmulations A chronologica description of some
experimentd work is given here, while the numericd models are dedt with in the

next section.

a) Sudies prior to 1950

In the early 1930's Briggs and Sinha (1933) tested the swelling and shrinkage of

different varieties of UK (Scottish) cods with both firedamp and carbon dioxide, over
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various pressures ranging from amospheric to 207 MPa (300lbs). Using the

specidly congtructed apparatus shown in Figure 3.1(some details omitted for clarity
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End devation Front view

Figure 3.1 Apparatus used for the measurement of the expansion and contraction
of cod (after Briggs and Sinha, 1933).

from end devation), the change in sample sze was monitored only dong its axis,
which was cut pardld with the samples bedding. The axid eongation of the cod
samples ranged from 0.06% to 0.3% in firedamp and 5% in carbon dioxide ~ gas. Once
the gas pressure was removed most samples returned to near origina Sze, however

there was a eongation of 0.14% for antracite.
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The dongation or shrinkege of the cod was measured by a micrometer, with

resolution down to £ 0.0021 mm. Figure 3.2 shows Briggs and Sinha stest results.
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Figure 3.2 Time — dimension change chart a 2.07 MPa (300 ps) gas pressure for
different cod sampleg(after Briggs and Sinha, 1933).

The researchers did not address the radid shrinking or swelling of cod samples in
CHg, but recognised that cod can expand in dl directions when absorbing gas,
rescting less srongly with methane than with carbon dioxide. Cod aso absorbs
moisture with greater eagerness than methane, and if cod charged with gas is placed

in water, much of the gas will be expdled and replaced with water. Others with
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interest in the fiedd in the pre 1950s period include Meehan (1927), Kvanes and

Gaddy (1931), Audibert (1935) and Coppens (1937).

b) Resear ch studies between 1950 and 1960

During the 1950s Moffat and Wede (1955) attempted to define a correlation between
the sorption mechanism and the isotherm diagram. They interpreted the sorption
mechanism by measuring the cod matrix expanson caused by methane sorption
under pressure. Tests were conducted on coa samples paralel and perpendicular b
the bedding planes, and were combined to determine the bulk expanson of cod. A

constant volume sorption apparatus (Figure 3.3) was used for the test.

/ 4=Pressure gauge

Release valve
B ®_
Needle valve é

Cylindrical

steel vessel

._1-(,'031

Figure 3.3 A congtant volume sorption gpparatus. (Moffat and Wedle, 1955)

Electricd drain gauges, atached to the surface of auitably cut blocks of cod, with

connections from the pressure vessals to a Whesatstone bridge were used to monitor
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cod volume change. The tests were made in methane gas a different pressures
ranging between 0 and 70 MPa. Tests were made on different cod types ranging from
low rank cod to anthracite Tests conducted perpendicular to the bedding plane
attained a linear expansion ranging from 0.2% to 1.6%, at 15.0 to 20 MPa (150 to 200
am). Higher rank cod expanson was generdly less than for low rank cods. Typicd

graphs of cod expanson are shown in Figure 3.4.
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Figure 34 Bulk expanson as afunction of gas pressure.
(after Moffat and Wedle, 1955)
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Less expanson was reported on cods tested pardlel to the bedding plane. Similar
observations were aso reported by Audibert (1942) and confirmed by De braaf, 1tz

and Mass (1952).

C) Resear ch between the 1960s and 1970s

Hargraves (1963a) conducted a series d tests on the Bulli seam cod a Metropolitan
Colliery, NSW. Using a smplified shrinkage gpparatus as shown in Figures 3.5 and

3.6, he was able to determine the sorption coefficient of expansion of the Bulli cod to

Figure 3.5 Apparatus for determination of sorption coefficient of expansion.
(after Hargraves, 1963a)
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be approximately 1.75 x 10 cm/cm at 1 MPa. The test was conducted using 25.4 mm

(1 in) cubes, which was subjected to CO, gas pressures.

I [eronneter heml_. A holes for

touuny bars

O-Rmg — / O-Rmg
seal ! ]/ . seal
i3
N Ny .\
oal cube
. 2 Sdcm side
(Fas mlet

() o \ o
“ _::‘1“]‘-“ | Hole for
i electrical lead

Figure 3.6 Schemgtic of apparatus for determination of sorption coefficient of
expansion.

Gunther (1968) invedtigated swdling of different ranks of cod using both methane
and cabon dioxide, and caculated the swelling coefficients for different types of
cod, ranging from low rank, high volatile coals to anthracite He observed greater
swdling of cod in CO, than in CHy. The reported swelling coefficients ranged from
1.90 x10°® t0 4.76 x 108 MPa! (2.76 to 6.90 E-6 psi™t).

Czaplinski (1971) examined the reationship between the kinetics of sorption and the
swelling of cod. Tests were conducted paralld and perpendicular to beddings as

shown in Figure3.7 and Figure3.8. He showed that at low pressures, the sorption of
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cabon dioxide was fagter than the devdopment of swelling dran, but at higher

pressures (> 4 MPa) the two occur smultaneoudly.
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Figure 3.7 Kinetics of sorption and swelling a 4.42 MPa pressure of COs.

(“a sweling pardld to bedding, “b” sweling perpendicular to bedding)
(after Czaplinski,1971)
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Figure 3.8 Kinetics of sorption and swelling at 2.85 MPa pressure of CO;.

(“a’ swdling pardle to bedding, “b” swelling perpendicular to bedding).
(after Czaplinski,1971)
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Lama and Bodziony (1996) based on Czaplinski’'s (1971) studies, stated that “the
delay in cod dilation can be explaned as follows At the initid low pressure leves,
the gas can only enter the cod macro-pores, causng a minimum of volume change.
Increased swelling of coa takes place when the gas, & higher pressures, is forced into
the micro-pores.”

Ettinger (1977) reported extendve studies on the swdling of different ranks of
cod from different cod deposts in Russa, Ukraine and other former Soviet
republics. Tables 3.2 and 3.3 show some data on coas from the Donetsk basin and
other regions of the Ukraine. The stresses due to swelling cause the release of free
energy in cod which, according to Ettinger; contributes to the onset of outburs.
Lama, and Bodziony (1996) listed a number of factorsto support thisclam.

Table3.2 Linear swelling of Donetsk codsin methane at 5 MPa gas pressure.
(after Ettinger, 1979)

Yield of volatile | Swelingof | Sweling stress Rdative free
Coal deposit Substances vg, cod, Po, energy of stress
% % MPa stateF; , Jkg
Komsomlets pit,
Mazurka seam. 30.6 0.14 21.5 0.5 x10?
(fat codl)
Karl Marx pit,
Mazurka seam, 18.2 0.17 25.5 0.88 x10?
(coking codl)
Kondratevka pit,
Derezovka seam, 11.4 0.24 42.3 1.5 x10°
(lean cod)
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Table3.3 Bulk swdlingin CO, at 0.5 MPa gas pressure.
(after Ruff and Gessale, 1930& 1940)

CHAPTER THREE: A review of the impact of coal properties on gas sorption

Index of cods Specimens of cod
Swelling, % Po, MPa K , Jkg
High voldile 3
0.90 50.0 0.24x 10
Bituminous
Medium volatile 3
0.44 21.8 0.58 x 10
Bituminous
Low volatile 2
o 0.53 26.4 0.90x 10
Bituminous

d) Research in the 1980’s

Reucroft and Patel (1983) measured the surface area and porosity of coa with respect
to sorption with of different gases and vapours, in a amilar way to the tests conducted
by Mahgan (1982), which measured the porosty as a function of volumetric change.

The following equation was used for measuring the volumetric changes of cod:

—i: r_2 - -
Q=g =1+ =(Ow- 1) (3-1)

ry= Density of the sorbatein theliquid state, glcn

r, = Density of cod intheliquid sorbate, g/en?®

V, = Volume fraction of cod in the swollen cod sample & equilibrium
gy = Massof cod a equilibriumvinitial mass.

Q = Swdling parameter (swollen volume' unswollen volume)
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Reucroft and Patd (1983) found that the gpparent surface area was higher when,
measured using carbon dioxide as the sorbate rather than other gases like nitrogen.
Usng the weighting method, they edtimated the volumetric changes of cod, but
without mentioning in which direction it happened and by how much.

Later, Reucroft and Pad (1986) continued with ther experiments by investigating
the swdling of cod, which was induced by gas in order to obtan a better
understanding of the interna structure and surface area of cod. They observed the
swelling of various coal samples exposed to different gases such as He, Np, CO,. The
cod samples that were 1 cm in length and 0.4 cm in diameter showed an increase in
their length between 0.36% and 1.31% when exposed to carbon dioxide. Insignificant
changes were observed when the cod was tested in both nitrogen and helium under
the same conditions. Also, further experiments were conducted under a low pressure
of 014 MPa, which is rather low compared with the exising in-stu cod gas
pressures. Generdly this agpproach, which is used for measuring surface area and
porosity, is more useful for coking cod used in sted making and as therefore not
consdered in this research.

Gray (1987) examined the reationship between shrinkage, fluid pressure /effective
sress and cod permeability. Gray stated, “shrinkage of the coa occurs on desorption,
leading to an effective dress reduction. This opposes the effective stress increase that
would normaly be expected with a lowering of fluid pressure. Because permegbility
is a function of the effective dress, it may increase or decrease with stress changes

associated with drainage’. This implies that shrinkage of the cod matrix associated
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with desorption opens up the deat and results in an increase in the permeability of the
codl.

Sethuraman (1987) sudied the effect of gas pressure on the changing dimensions of
cod. He found that there was a linear corrdation between swelling and pressure. For
methane pressures up to 1.5 MPa, there was a reported volume increase between
0.75% and 4.18%. He aso found that the lower the carbon content, the higher the

swdling of cod.

e) Sudiesin the 1990s

Stefanska (1990), a Polish researcher, tested some cod samples using both methane
and carbon dioxide under pressures ranging from 0.5 MPa to 5 MPa It was found
that factors such as cod rank and moisture content affected cod sorption behaviour as
well as cod matrix changes.

Harpalani (1989) conducted a series of sorption tests and found a reationship
between gas sorption and changes in permesbility. He confirmed that by desorption
of cod gas, the cod matrix shrinks and the permesbility increases.

Milewska-Duda, Cegarska-Stefanska and Duda (1994) studied the swelling of the
coa matrix due to methane sorption at pressures from 0.5 MPa up to 4.5 MPa and a
298 K temperature. They claimed that cod matrix expansion caused by gas sorption
plays an important role in determining mining method so far as outburst phenomena
ae concaned. Figure 39 indicates that a lower pressures the empirica

measurements were in agreement with the theoretica data, but deviations were
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Figure 3.9 Linear expangon of cod (after Milewska Duda, Cegarska- Stefanska
and Duda, 1994).

observed at the higher pressures. The compression of cleats and pores was recognized
as the reason for this difference. As can be seen from Figure 3.9, a the lower
pressures the amount of expanson was dependent on the direction and expansion of
the cleats. The expanson perpendicular to the bedding was more than in the pardld
direction. At higher pressures the difference between those were decreased again
because of closing the cleats and pores.

Seide and Huitt (1995) measured the dhrinkage of cod matrix with respect to
desorption and the changing permegbility of cod. They podulated that cod matrix
shrinkage was more corrdated to gas content than to gas pressure. They found that
the amount of volumetric change depends on coa rank and sorbed gas type. It should

be mentioned that ther samples were placed in an oven a 48°C, which is
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sgnificantly higher than the temperature of 20°C that is commonly used for tests.
However they did not clarify the reasons for the more rapid desorption than
adsorption. As will be shown in later chapters, this author believes tha the
discrepancy should be attributed to the porous structure of cod. In adsorption it takes
a longer time for the gas molecules b get adsorbed in macropores and reach the end
of their path in the pore space and micropores, However, in desorption the molecules
that are in the vicinity of the free surface and in macropores are easily desorbed and
leave thar places immediately. Then the inner molecules will be able to quickly flow
toward the surface until equilibrium is established.

Levine (1996) reported that with gas sorption during the gas drainage process, the
cod matrix drinks and causes permegbility to ggnificantly increase. Different factors
affecting this phenomenon include cod rank, petrographic compodtion, minerd
meatter content and composition of gases.

Different cods exhibit different shrinking behaviour, and it is crucid to note that one
of his ggnificant results was that carbon dioxide causes a greater degree of cod
matrix change compared to methane. This is one of the basc principles of carbon
sequedtration  projects. Exposing coa to CO, causes different amounts of dran
compared to methane or hdium, and this difference is atributable to the different
sorption capacities of the particular gases.

Levine (1996) adso sudied the mechanica srength of cod, which was described as
the ability to resst dresses and change in dimensons. Figure 3.10 depicts the

effective mechanica forcesin relation to gas storage and movement in cod.
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S is spacing and b the width of fractures, s, and s ,,are verticd and horizontd
overburden stress, s, is the tectonic stress,e; andejare the matrix shrinkege and

pore compressibility factors and findly P; isthe fluid pressure.
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Figure3.10  Schematic representation of the effective mechanical forces

model of acoal bed reservoir. (after Levine, 1996).
Harpdani and Chen (1997) sudied the drainage of cod gas (Figure 3.11), and its
impact on the cod matrix and permesbility. Based on their test results, they presented
a rdationship between changes in permesbility and volumetric drains in the cod

matrix, which was described as;

Dk =a (%) (3-2)

m

Where Dk isthe changein permegbility, a isaconstant which depends on the cod
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Figure3.11  Rdaionship between volumetric strain and changes in permesbility
asaresult of matrix shrinkage( after Harpalani and Chen, 1997).

type and its characteristics, and (DV,,,/V,,,) isthe rdative matrix volume change.

Volumetric strains dso have a proportiond relaionship to the desorbed cod gas.

Harpaani and Chen (1992) introduced the following equation:

—M=-pv des
m (33

where V4 and b are the volume of gas desorbed and a constant which depends on
the cod type. In the concluson to the results of their research they dated thet: fird,
the permesbility of coa was dradicaly increased by decreasing the gas pressure
second, by decreasing the fluid (gas) pressure the effective stress increases and tends
to reduces the permesbility, but cod matrix shrinkage influences the permesbility and
limits the decrease; third, permesbility changes due to cod matrix shrinkage are

dependent on the volumetric strain (Figure 3.12).
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Figure3.12  Linear relationship between volumetric strain and permestility.

Reaults of the ressarch of Ceglarska Stefanska and Holda (1994) on sorption of

various gases by coa matrix are shown in Figure 3.13.
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Figure3.13  Swelling of cod as afunction of pressure for different sorbates
(after Ceglarska- Stefaneska and Holda, 1994).
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It is obvious that the volumetric changes for cod matrix due to Heium gas were
negligible, followed by Hydrogen gas which caused 0.05% sweling a 10 MPa, with
nitrogen and Argon causing swelling amounts from 0.15% to 0.18%, respectively.
The highes amount of swelling was rdaed to Methane, which resulted in about
0.36% swelling. They concluded that by increasng the molecular weight of the gas
the percentage of volumetric change would incresse. However, one of the parameters,
which was not mentioned, is the different affinity of those gases to the cod matrix,
this is an important factor which should be taken into account. Figure 3.13 indicates
that there isn't any interaction between Helium and the coa matrix, however, cod

adsorbs methane immensdly.

f) Sudiesin 2000 - present

St. George and Barakat (2001) demonstrated how desorption of cod ges affected the
cod marix and effective dress. They used sub-bituminous cod samples for ther
tets. The experimentd set up was sImilar to the Hapdani and Chen (1995)
gpparatus. Tests were conducted on cylindrical, 54 mm diameter core samples and in
four different gas environments. Gases used included CO,, CH4, N2, and He. They
found cod swelling due to sorption of carbon dioxide was about 12 times greater than
for nitrogen and 8 times more than for methane. They dso mentioned that the
sweling due to gplying hdium was negligible. They podtulated that the strength
characteristics of cod could be affected by compressve srains due to gas pressure

reduction and cod matrix shrinkage. Also, in the presence of carbon dioxide, the coal
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underwent an initid contraction for a period of less than 45 seconds due to the
hydrogatic pressure, which was then followed by expanson due to gas sorption.
However, based on the experimenta Studies discussed later in this thess, this initid
shrinkage time period was found to be shorter than that reported by St. George and
Barakat (2001).

The latest study as reported by Chikatamarla, Xiagjun and Bustin (2004) examined
the dhrinkage and swelling of various Canadian cod samples with different ranks
from sub-bituminous to medium voldile cods. The tets were made with regard to
determining the capecity of the various cods for sequedtration by adsorption. By
using various gases, CO, CHy4, H»S, and Ny, they demondrated that the volumetric
drains are proportionaly related to the amount of adsorbed gas. H,S caused larger
volumetric changes than the others, up to 15 times greater than carbon dioxide, 20
times more than methane and about 40 to 130 times more than nitrogen. In the second
part of ther experiments they compared the swelling and shrinkage of the cod matrix
by introducing various gases to determine the effect on cod permesbility. They
reported that, by injecting carbon dioxide into the coa seam, the rdative swdling of

coal was markedly grester than the shrinkage of the cod matrix.

3.2.2 Modeling matrix shrinkage effects on coalbed methane

recovery

Some attempts have been made to modd the behaviour of cod matrix (swelling and
dhrinking) during methane desorption and its recovery from cod beds Two different

models are used to describe how the matrix shrinkage and swelling can cause
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profound changes in the porodty and permesbility of cod-bed methane reservoirs
during depletion or when under injection processes, with associated implications for

primary or enhanced methane recovery.

a) API model

Sawyer, Paul and Schraufnagel (1990) developed and presented the first model. Their
modd, which was cdled the APl model, for the change of cod porosty due to pore

compressihility, shrinkage and swelling, is defined as.

F =F[L+c,(P-R)]- cp(l- Fi)(f’%xc- C)) (3-4)

Where:

F = Fracture system porosity, decima fraction

Fi = Initid fracture system porosity, decimd fraction

cp = Pore volume compressibility, psi™t

P = Reservoir pore pressure, ps

P = Initid reservoir pore pressure, ps

Cq = Matrix shrinkage compressibility, psi™

DR = Maximum pressure change based on theinitial desorb, psi™

DC, = Maximum concentration change based on the initid desorb,
dimensonless

C = Reservoir gas concentration, dimensionless

C, = Initial reservoir gas concentration, dimensionless
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b) Palmer and Mansoori model

Pdmer and Mansoori (1996) edtablished the second modd by describing the
dependence of permesbility on stress and pore pressure in cod beds. Their published
matrix shrinkage model was based on induced dtrains and the mechanica properties

of cod. The PAmer and Mansoori mode is presented as.

F :Fi+Am(P-P,)+C0§%-1§(C-Ci) (3-5)
Where:
M = Congtrained axid modulus, ps
K = Bulk modulus, ps
Co = Langmuir dimensionless volumetric srain congtant

The term An, can be calculated from following equetion:

1 ¢K u
An=—- ~—+TF - 3-6
m M SI\/I 1&} (36)

in which:

f Grain thermd expangvity fraction, dimensonless

Grain compressibility, psi™*

g

By equatiing the vdue of F from both models they can be combined (Pekot and

Reeves, 2003):

F AL+ (PR~ Cnll- FSED(C C) =F +An(P- R)+ Cogit- 14C-C)

(37

If grain compressibility g issmal and the second expression is negligible, then:
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1
Am=m (3-8)
The pore volume compressibilityc, isfound from the following equetion:

1
C, =——— 3-9
" FEM (3-9)
By diminating the common expressons from both sde of Equation (3-7):

DR ek .u
-c(1- F)(=LY) =C. 2~ - 15 3-10
m( ')(DCi) &M 1H (3-10)

This mode is based on changes in gas concentration and addresses how changes in
permegbility due to matrix swrinkage and internal dress affect the rdeasng and
drainage of cod gas. If no gas desorption occurs, no shrinkage occurs.

It can be seen tha the Sawyer, Paul and Schraufnagle modd describes shrinkage in
terms of matrix shrinkage compressbility and gas concentration change, whereas the
Padmer and Mansoori modd describes shrinkage in terms of rock mechanics moduli

(Pekot and Reeves, 2003).

3.2.3 Numerical ssimulator sof coal-bed methanebased on coal matrix

shrinkage

The software packages which are currently used for modelling cod bed methane and
CO, sequedtration are based on the above mentioned equations. Some of these are

GEM, SIMEDII, ECLIPSE, COMET and GCOMP. These software packages

62



CHAPTER THREE: A review of the impact of coal properties on gas sorption

generdly have some features for andysng the porosty sysem and the diffusond

flow of gas between the cod matrix and cleats, as wdl as moddling the permesbility

and porosity of cleats as functions of effective stress (CMG, 2004). In Table 3.4 some

features for ECBM (enhanced cod bed methane) modeling from different numerica

models can be seen;

Table3.4
(after Law, 2002).

Numerical models for enhanced cod bed methane recovery

CBM Simulators GEM ECLIPSE | S I\I/IIED COI\2A ET | GCOMP
Multiple Gas Components % N Y Y Y
(3 or more: CHy, CO2& N»)

Dud Porosity Approach Y Y Y Y N
Mixed Gas Diffuson Y Y Y Y N
Mixed Gas Sorption Y N Y Y Y

(extended Langmuir Model)
Stress Dependent Y Y Y Y Y

Permesbility & Porosity

Cod Shrinkage Y N Y Y Y
(Primary Process)
Cod Shrinkage/Sweling Y N Y Y Y

(ECBM Process)

3.3COAL PERMEABILITY

Permegbility is a physicad property of porous materids, which determines the flow of

fluid through the materid by an gpplied pressure gradient. It may be described as the

“fluid conductivity” of the porous materid. Permesbility is dso used to describe the
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resstance of drata to the passage of gas through it (Mordeca and Morris, 1974).
Permeability is one of the most important parameters that affect gas production rates
and resarvoir recovery in cod-bed methane production (Wdlace, 1990; Shi and
Durucan, 2003).

One of the principd physcad parameters governing gas emisson from cod is deat
permeshility (Jones et a., 1982). Permesbility dso is conddered as a principad factor
in controlling gas rdease into mine workings (Ramani and Owili-Eger, 1973; Guney,
1975). To properly plan the gas drainage system in a mine, information about gas
pressure, gas composition, location of the gas reservoirs and permesbility of the seam
isrequired. Highly permegble cod offers agood opportunity to recover methane.

Permeshiility of coa can be caculated usng the following Darcy’ s equation:

Q=- L& (3-11)
m dx
where:
k = Permesability, Darcy
dpP '
o = Pressure gradient, am/cm
X
A = Cross sectiona area, cn?
1 = Viscosty of thefluid, centipoise
Q = Volumetric flow, cn’/s

Permesbility has units of aea (nf) in the S system, but the usud unit for

permegbility is the Darcy. The Darcy unit represents the flow capacity required for 1
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ml of fluid to flow through 1 cn? for a distance of 1 cm when 1 amosphere of

pressureis applied, thet is;
1n? = 10000 cn? = 1.01x 10'? Darcy (3-12)
There are some conditions that are required for Equation (3-11) to be vdid; they are:

Porous medium is not reacting with the flowing fluid.
Assumed single phase flow.

Reynold’'s number is of the order of 1, based on superficid velocity.

According to Wallace (1990), the permesbility of US cods is usudly in the range of
1 to 60 mD. Hayes (1982) reported that the Bulli seam permesbility is consderably
less than 1 mD. Lingard, Phillips and Doig (1982) reported permesbility of Audraian
cods from Appin, Westcliff and Leichhardt Collieries that varied from less than 0.1
mD to 100 mD.

The permeability vaues vary according to gas type and differentiad pressure across
the cod seam. This effect was origindly detected with the gas flowing through
capillary tubes, and becomes more pronounced when the diameter of the capillary
tubes approaches the mean free path of the gas molecule, which is a function of the
molecular weight and kinetic energy of the gas. For equa pressures, a smal molecule
in the gas phase will exhibit sgnificantly more dippage when travdling through the
medium then a larger gas molecule. For a liquid that totdly fills the medium, there
will be no dippage. The €ffect of gas dippage on the permesbility vaue was

identified and quantified by Klinkenberg (1941).

65



CHAPTER THREE: A review of the impact of coal properties on gas sorption

34 FACTORSAFFECTING THE PERMEABILITY OF COAL

Thefollowing factorsinfluence cod permesbility (Enever and Hennig, 1997):
Effective stress
Cod petrography
Mineralisation
Degree of fracturing
Gas type and pressure

Water

3.4.1 Effective stress

Permesability is heavily influenced by the effective dress. In fractured reservoirs, such
as coal-beds, the permeability of cod is sendtive to dress variaion or pore pressure
(Pamer and Mansoori, 1996). Lingard, Phillips and Doig (1982) dated that
permesbility cannot be studied without reference to in-Stu dress conditions.  Others
examining the effect of dress on cod permesability include Petching, 1965; Gunther,
1968; Pomery and Robinson, 1967; Somerton, Soylemezoglu and Dudley, 1975;
Hargraves, 1983; Rose and Foh, 1984; Puri and Seidle, 1992 and Duracan, 2003. A
wide range of pemesbility vaues was messured under vaious dresses. The
permesbility of a particular cod was found to depend on the levd of the confining
dress. For example a permeability of 12 mD at 0.07 MPa confining pressure changed
to 0.0035 mD a 20 MPa. Somerton, Soylemezoglu and Dudley (1975) found that

increased applied dress in congrained cod samples caused a decrease in permeability
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of severa orders of magnitude, up to the point where microfracturing occurred, and
permesbility increased again beyond this point.

Limited tets on measuring the permesbility of cod have been undertaken on
different Audrdian cods. The measured permesbility for the Bulli cod seam under
triaxid conditions varies from 0.001 mD (Lingard, Phillips and Doig, 1984) to 0.15
mD (Somers, 1993). Ther results dso showed that in dl tests the permesability could
decrease with increasing dress. Xue and Thomas (1991) investigated the variation of
Audrdian cod sample permesbility with confining stress and changing gas mean
pressure. They showed that the permeability of cod increased when the mean gas
pressure was decreased. However, the coad samples were one to two orders of
magnitude smdler in permegbility as the confining stress increased from 1 MPa to 15
MPa.

Somerss (1993) work on Ausralian cod permesbility found that under 5 MPa
confining pressure Bulli cod samples had an average permesbility of 30 mD, with
Wesicliff coa 21mD, Tower 45 mD, and Tahmoor 17 mD. Ulan cod permesbility is
around 16 mD. Gray (1987) dso presented a relationship between effective stress and
permeability for cores taken from Leichhardt Colliery in the Bowen Basin, The

relationship, shown in Figure 4.1, is based on:

k =1.013x 10 31s (3-13)
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where Kk is the dry permegbility in mD and “s’ is the effective triaxid confining stress

in MPa. As can be seen in Figure 3.14, thereis an order of magnitude reduction in

v Log 10 Permeshility, mD

- 2 T T 1
0 5 10 15
Effective stress, MPa

| | | | | Depth, m
100 200 300 400 500

Figure3.14  Rdationship between permesbility and effective stress based on fidd
studies. (after Gray, 1995).

permegbility with a 147 MPa increase in effective confining dress.  Gray
demongrated that the graph in Figure 3.14 was adso able to show the log of cod
permesbility declines linearly with increasing effective Sress.

The permegbility of cod samples is very sendtive to the overburden pressure, and it
is dgnificantly reduced as overburden pressure increases (Durucan and Edwards,
1986).

Enever and Hennig (1997) summarised the resuts of previous tests and dated, “for

equa applied confining pressure, some Audrdian cod exhibited sgnificantly lower
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average permeability than dther of the tested American cods’, implying that in their

tests, the Audtralian coas are more stress dependant than the American cods. Figure

3.15 shows this difference:
100000
[ GEIH: Grove
10000'5 R'=0D9112

Cedar Cove

IDDDJ R" = 08508

Eﬂ' [ Mth Bowen Basin
= i Sth Bowen Basin R = (L5365
] 4
= 100~E RE=0.7123
L [
10 JE Sydney Basin
i R =05828
11
D]. S S S NS S RS S S TR SN S N S—

0 1 2 % 4 5 & 7 8 9§ 10
Effective stress, MPa

Figure3.15  Average rdationship between permesability and effective stress for
severa Audralian regions compared to Black Warrior Basin (USA).

It should be mentioned there were only two samples from USA cod basins and three
from Audrdia so, it could not be drawn a generd concluson unless there were more
data and samples for tests. Also, the R? vaues were around 0.5, which shows that
there was a sgnificant variation for results.

Lingad, Phillips and Doig's (1984) sudy on Audrdian Cods found that the
permesbility reduction was between 2 to 3 orders of magnitude for an increase in the

confining stressfrom 0 to 9 MPa
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Various ressarchers examined the recovery in permesgbility with respect to changing
effective stresses. Harpaani and McPherson (1984) reported a partid recoverability
property for some USA cods, and Paterson (1990) did work on Augtradian coa
permesbility hyderess by cycdling the confining sress. As can be seen from Figure
3.16, there was a condderable difference between the initid and last value of

permesbility for the same stress.

0.004

Permeahili tyl.,umg |

Owerburden pressure, WMPa

Figure3.16  The hyderess in cod permegbility from cyding the confining stress
(after Paterson, 1990).

3.4.2 Coal Petrography

The permesbility of cod seams can be influenced by geologicad dructure variations.

Cod seam permesbility is sometimes enhanced in the vicinity of a fault, dyke or fold.

70



CHAPTER THREE: A review of the impact of coal properties on gas sorption

Generdly, favourable areas for cod bed methane dranage ae likdy to have a
relatively smple geologicd dructure to ensure the continuity of reservoirs. Walace
(1990) reported that gently folded areas in cod seams tend to have higher
permesbility than steeply folded and faulted areas. Since cleat orientation has proved
to be an important parameter for the permeability of coa (Wolf et d., 2001 a & h),
dructurally complex aess tend to have damaged cleat systems resulting in low
permesability, especialy where severe structura compression has occurred.

The permesbility among different cod litho-types varies even under the condition of
gmilar cod rank. The cod petrologicd compostion affects the overdl permesbility
of the coal-bed through controlling the devdopment of the pore and fissure system.
The permegbility of a vitrinite-rich cod reservoir is around 10 times higher than for
an ingtinite rich one (Symth, 1993). Also, the inertinite-rich coa absorbed more
methane than a middie-rank cod sample, but absorbed the same amount as a high
rank cod sample.

Bartosewicz and Hargraves (1984) examined various cod samples from Audrdian
cod basns and the results showed ggnificant vaiations in permesbility in different
directions. Bedding plane permesbility is dgnificantly grester than the permesbility
norma to the bedding. However, Lingard, Phillips and Doig (1982) reported no
dgnificant difference between cod samples cut pardld and perpendicular to the
bedding plane. Gash e d. (1993) tested the permeability of American cod samples

and found that the permeabiility in the face cleat direction was gredter.

71



CHAPTER THREE: A review of the impact of coal properties on gas sorption

3.4.3 Mineralisation

There are some differences between low permesgbility and high permesbility cod
seams. These differences can be related to the presence of some specific pore and
deat fillings such as mylonite, the deveopment of cleats and their minerdisaion, and
the mode of occurrence of minerds in cod maceras. Successful drainage and a
suitable rate of gas flow through the cod can be influenced by cod microstructures,
epecidly micro-cleat openings and minerd matters. In good drainege and high
permegbility cod seams the mico-cleats ae modly empty, or only partly
mineralised.

Stach et a. (1982) and Renton (1982) reported that most mineral matters are fine
graned with an goproximate sze of 20, Faiz et d. (1992) stated, “the presence of
minerd matter in cod manly contributes to the volume of macropores’. Speight
(1983) has shown that incressed minerd matter normaly fills macropores and
consequently the porodty of cod will be decreased, particularly in lower rank cods,
causing areduction in cod permegbility.

There are various classfications of minerd maiters in cod, based on ther mode of
origin (Gluskoter, Shimp and Ruch, 1981; Stach et d., 1982; Renton, 1982). Two of

these clasdfications are as follows

a) Renton classification:

Renton (1982) classfied the minerd meatters in coad based on ther origin, as shown

in the Fgure 3.17. Detritd minerads such as clay and quartz are derived from an
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externd source and transported to the peat by water or occasondly by wind. Conner
and Shacklette (1975) reported that inorganic materids exis in plants as
contaminants. Vegetd group minerds such as dlica and dumina originate from the
inorganic condtituents of swamp plants. Chemicd minerd matters are subdivided into
two divisons. in the fird the minerds appear in cod as a result of direct chemicd

precipitation, and in second the minerals emerge from chemical reactions.

Minera matter in cod

Detrital Vegetd Chemica

Figure3.17  Classfication of minerd matters based on ther origin
(after Renton, 1982).

b) Sach classification

In this method the minerd components are adso classfied according to their origin.
However Stach et d. (1982) believed that in this classfication there B no certainty in
some conclusions, asisshown in Figure 3.18.

Thefirg group comprises the minerals from plants, the second group formed in the

firgt phase of the codification process, congsts of mineras trangported into the
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Minerd matter in cod

plants of codification of codification

From origina Formed in the first stage Formed in the second phase

Figure3.18  Classfication of minera maiters based on their origin
(after Stach et al., 1982).

swamp, and lagtly the group of mineras tha are introduced into the cod matrix by
precipitation or ateration in fractures, cleasts or fissures during the second phase of
codlification. Some of the common minerds in cod ae carbonates (Cdcite), iron
disulphides (Pyrite), cdlay minerds (Kaolinite) and sdts the most abundant being
clays tha have vaidble stochiometry. Dominant mineras incdlude kaolinite, which is
usful in marker beds to corrdate seams across a codfidd. Clay has swelling
properties and expands when it comes into contact with water. Wet clay reduces
srength and can be hazardous during mining, because it acts as a weak point in the
cod seam and a auitable place for the initigion of an outburst, when other factors
such as high gas content, gas pressure, and sress are dso present. Cacite and
dolomite are the next most common minerds in cod. Pyrite is commonly present in
older and more mature cod seams, which have more gas and less permegbility
because of the presence of pyrite minerd matter, and consequently an outburst prone

zone can easlly appear, for example the outburst zone in Central Colliery.
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In cod seams with negligible quantities of minerd matter, the cod-bed gases flow
and initidly continue to flow when the pressure is lowered below the desorption
pressure. The cod matrix shrinkage as a result of gas desorption may cause grester
cleat openings than the effective dtress. Titheridge (2004) stated, “In mineraised cod,
the presence of cdcite (or other minerds) in cleat or fractures adds an additiona
factor to the initid and subsequent drainage process. Minerdisation blocks cleat and
fracture permesability routes that would otherwise transport gas’. Thus, an increased
presence of mineral matter in cod would cause a reduction in coad permeability, and
the degree of permesgbility will be proportiond to the extent of mineraisation.
Furthermore, mineral matter impedes the gases from leaving ther place by affecting
the desorption and shrinkage properties of the cod matrix.

Gamson, Beamish and Johnson (1993) in an extendve sudy on Audrdian cods
found that the amount of fracture infilling with minerds was one of the factors which
influenced the effectiveness of methane flow through the cod matrix. They aso noted
that minerd maiter such as clay, cdcite and quartz block the methane flow path
through cleats and interconnected pores by forming a compact amorphous or
cyddline dructure. The sze of infillings influences gas diffuson as wel as laminar
flow in the coal matrix. Later Gurba (2002b) described her microscopic studies of
some Audrdian cod samples and found that the Bulli seam had two different sets of
cleats. One set of cleats is open and the other mineralised. Microscopic studies on
cod samples from Wes Cliff Cdlliery showed micro-cleats totdly minerdised by
carbonates. Siderite nodules (Iron Carbonate) in the cleats were observed to cause

difficulty in dilling and in dranage. Mylonite is dso present in West Cliff cod
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samples, and mylonitic type cod could be prone to outbursts (Gurba, 2002a).
Additiondly, microscopic examination of the cod samples from difficult drainage
areas has shown that the presence of mylonite in micro-cleats is d<o likely to cause
difficulties in gas drainage. As reveded by eectron microprobe anadyss the mylonite
in micro-cleats is cemented by cdcite, dolomite or kaolinite. In the cod samples from
Centrd Calliery in the Bowen Badn that were collected from the low permesbility
aea and outburst prone zone, the cleats were totdly filled with cdcite. In Appin
Colliery cods, carbonates were present in the cleats as wel as mylonite, which was
cemented by carbonates so that there was not much space for gas flow.

Titheridge (2004), who did extensve work on Tahmoor Colliery Bulli cod and its
cdcite minerd matter, postulated that high fluid pressure was the mgor factor
responsible for the fibrous veins in cod (sedimentary rock). He dtated, “the origin of
high flud pressure was primaily due to the fluctuating NESW tensond -
compressive dress fidd that was present during the burid phase of the Southern
Sydney Basin’. Cdcite in Tahmoor cod (Figure 3.19) was formed from the

combination of CO, and water, for which one of the CO, resources was magmetic

Figure 3.19 Cdcitein Tahmoor cod.
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intrusons (dyke), and that this minerdisation can extend along way from the dyke.

At Tahmoor, a vein tha was formed by the cacite accompanied by sderitic
mudstone caused a large reduction in the permegbility of coa between cod seam
layers. It should be noted aso that the carbonate ground water system is the man
source of calcite penetration into the cod seam and its cleats (Drever, 1982; Williams

and Elders, 1984; Barker, 1991).

3.4.4 Degree of fracturing

Cod seams have naturd fractures, known as cleats. Cleats act as a mgor transport
system for gas and water flow within a cod seam. There ae two sets of cleats in cod,
face and butt clests. Face clests are longer than butt cleats, hence directiona
anisotropy in cod permesbility results from this phenomenon.

Permegbility of cod increases with cleat dendty and cleat width. The flow capacity
of fractured media depends dmogt entirdly on the number and width of fractures and
their continuity (Dabbous et a. 1974). Lingard, Phillips and Doig (1984) showed that
the dimensons of fractures influence cod permesbility. The greater the fracture, the
higher is the permesgbility of the cod. How through degts is generdly laminar flow,
and the following eguaion is used for messuring the laminar flow rae through a

narrow channd (Muskat, 1949):

8 3
Q= 101\2NWLDP (3-14)
where:
Q = Flow rate, cm/sec
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W = Fracture width, cm

DP , .

T = Pressure differentid over channd length, atm/cm
1 = Viscosity of fluid, centipoise

As previoudy mentioned, Darcy’s law expresses the fluid flow as

_ kADP ]
Q= -y (3-15)

By combining eguations 3-14 and 3-15 (Somerton, Soylemezoglu and Dudley, 1975):

8\r/3

K, =10W (3-16)
12A

ks = Permeahility of fracture, Darcy

W = Fracture width, cm

A = Cross-sectiond flow areaof fracture, cn?

Informetion reldive to the deat dze and spacing in cod ae useful in predicting
permesbility, and generdly the larger the cdeat Sze and cleat densty, the higher the
permesbility. Secondary clests adso occur in cod as a result of induced stress and
changes to cod geologicad dructure or mining. These fractures normdly cause
permesbility to increase, but sometimes they do the opposte and reduce the
permesbility, and such gtudions tend to occur in shear zones or near magmatic
intrusons. According to Hayes (1982) permesbility in the fractured and crushed zone
ahead of the face dde during mining is greater than permegbility in the intact and

s0lid cod area.
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3.4.5 Gas pressure and type

Figures 3.20 (a-b) shows test results from as discussed at the beginning of this
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Figure3.20  Effect of gas pressure on permegbility of Bulli cod samples
for (@) CO, and (b) CH, (after Lama, 19953).

79



CHAPTER THREE: A review of the impact of coal properties on gas sorption

chapter, the Klinkenberg effect explains the effect of gas pressure on permesbility of
Bulli cod samples. For methane and carbon dioxide, incressng gas pressure
decreases the permesbility, but this reduction is greater for methane than carbon
dioxide. This effect is remarkable a the lower pressures for both gases, but by
increasing the pressure up to 7.5 MPa for carbon dioxide, the rate of decrease drops
further. As for methane, the permesbility decreases to hdf of its initid amount when
the gas pressure increases from near 0.5 MPato 2 MPa.

There agppears to be limited research on the influences of gas type on cod
permesbility. Somerton, Soylemezoglu and Dudley (1975) used nitrogen and
methane to study cod permesbility and found that cod permesbility to methane is
lower than the permegbility to nitrogen. The explanation provided was that the
sorption of methane on cod was a possble cause of this phenomenon. Another
posshility was previoudy presented by Patching (1965), who reported that
permegbility decreases linearly with incresses in the sguare of the molecular
diameters of different gases.

The ratio of CH4/CO, in Audrdian cod seams varies, in some deposts CO; is the
predominant gas, and in other areas nethane is predominant. The permesbility of cod
is higher for methane than carbon dioxide (Lama 19958 Bartosewicz and
Hargraves, 1985). Audrdian researchers Xue and Thomas (1995) investigated the
permesbility of Audrdian cods to a mixture of CH,/CO,. They stated that by w&ng
the Darcy and Dadton pressure laws, the permesbility of cod to a mixture of two

gases can be derived theoreticaly from Equation 3-17:
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Ko =H' kﬁ%' K, (3-17)
where:

N1 = Volumetric percentage of gas No. 1

N2 = Volumetric percentage of gas No. 2

K1 = Permeability of coa to gas No. 1, Darcy

ko = Permeability of coa to gas No. 2, Darcy

Km = Permesability of cod to mixture, Darcy

m = Viscosity of gas No. 1, centipoise

m = Viscodity of gas No. 2, centipoise

m, = Viscosty of mixture gas, centipoise

Based on therr results (Figure 3.21), Xue and Thomas (1995) found the difference

between the theoretical calculated and the experimentaly measured permesbility was

about T 15%They aso reported that by incressing the proportion of carbon dioxide in
the mixture, the permegbility of cod decreases till the point which the compogtion of
mixture was gpproximately 60% CO, and 40% CH; and then begun to incresse, the
reason for such a difference will be discuss later in Chapter 6. Findly they explained
the adsorption effect on the permeability of cod to methane and the carbon dioxide
mixture by defining the mutud and individua adsorption effects, which are the

effects of adsorption of a gas from a mixture and from an individud gas on cod

permeshility, respectively.
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Figure3.21  Permesability of cod sample to mixtures of CH, and CO..
(after Xue and Thomas, 1995)

. As is shown in Figure 3.21, for a higher percentage of methane in a gas mixture, the
experimentd vaue of the cod permesbility to the mixture is dightly smdler than the
theoretical vaue because the effect of mutua adsorption is more sgnificant than the
combined effects of the individud adsorption of CH; and CO,. However, a a lower
percentage of methane, the experimentd cod permesbility is dightly larger than the

theoretical vaue.

3.4.6 Water

In virgin coal seams, water normaly fills pore spaces, cleats, and fractures and any

gas present is dissolved within the seam water or absorbed on the internd surface of
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the cod, while the reservoir and its fluid components are in equilibrium (Van der
Meer, 2004). Permeability of a coal seam to gas is dependent on the concentrations of
water (Thakur and Davis, 1977). Usualy free gas only comes out of the cod into the
cleat space when the water pressure drops below the sorption pressure (Gray, 2000).
The permesbility of cod to water is increased by decreasing the pressure (Dabbous et
a., 1974). Kissdl and Edwards (1975) reported that the relative permesbility of a
cod seam increases as the water in the seam decreases, thus making more space
avalable for the gas phase to flow. It means that initidly permesbility will decrease
with a drop in reservoir pressure around the production hole, followed by an increase,
as ggnificant desorption induced shrinkage occurs as water and gas are produced
from the seam, with the effective stress increases leading generdly to a reduction in
permegbility. However many cod seams exhibit an increese in permesbility with
production, because of seam de-stressng and coa shrinkage due to gas desorption.

Cod drinkage reduces the laterd dress in the seam and shifts the dress into the
surrounding rocks. The opposng effects on effective dress mean that the
permeability of the seam may ether increase or decrease with the removd of gas and
water from the seam.

Generdly, permesbility is reduced by an increase in moisture content (Bartosewicz
and Hargraves, 1985). However, it should be pointed out that the gas permeability of
a coad mass is influenced by the degree to which the permegble volume of the pore is
filled with naturd moisure. Naturd moidure decreases the permeable volume of

pores by afactor of greater than two (Ayruni, 1981).
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3.5PERMEABILITY CLASSIFICATION OF COAL-BEDS

3.5.1 Drainage classification

Annudly some 300,000 m of underground directiond inseam drilling is carried out

in Audrdia for degadficaion and drainage purposes (Thomson and MacDondd,

2003). Gas drainage is a technique that has proven to be successful in reducing the

outburst hazard by reducing the indtu gas pressure. Influencing the effectiveness of

gas dranage is the physcd phenomenon of permesbility. The permesbility of cod

has its importance in other stages of drainage such as continuing and developing the

cod bed methane drainage system. Figure 3.22 shows the various factors that Walace

Potentia for cod-bed methane development

Coa
[
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I |
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Figure 3.22

(modified from Wallace, 1990)
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(1990) consdered as important when dealing with the potentia for coad bed methane
development. Yong, Janping and Dayang (1999) introduced a classfication for cod

bed methane resources in China. As shown in Figure 3.23, the cod beds are divided

into three categories,
k <0.1mD k=1.0- 0.1mD k> 1mD
Fair digricts Good didtricts Best didtricts

Figure3.23  Chinese cod bed classfication based on their permesability
(after Yong, Janping and Dayang, 1999).

Sattillan  (2004) clasdfied codbeds into four groups based on ther indtu

permesbility (Figure 3.24).

In - Stu permesbility
k< 1 mD 1<k<5mD 5<k<9mD 10<k<50 mD
h 4 v v \ 4
No Difficult Low Successtul
drainage drainage drainage drainage

Figure3.24  Clasdfication of coa-beds based on their permeability
(after Santillan, 2004).
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Hughes and Logan (1990) stated that the minimum required permesbility of cod for
coal-bed gas drainage is generdly greater than 1 mD. However for Audrdian codls,
Thomson and MacDondd (2003), referring to the work by Williams (1999), indicated
that the Audrdian cod seams suitable for drainage (medium radius drill method)
should have a gas content of more than 6 ni/t gas and permesbility bigger than 2 mD

at adepth of 150 to 500 m asillugtrated in Figure 3.25.

160 : - : - &0.0
2 140 - : —=x : - 700 a
G 120 1 - gt 600 3
@ = &
A | . =
EE- 10.0 - 5 : — 7300 &
= E 50 \ % Zuitable for drainage 1400 5
]
TE mO4 e . < 300 £
=5 g E
O AN ¢, o . 1 &
2 40 4— s 200 8
S Ti I e, il . 1100
oo itk s N Y
100 200 300 400 £00

Depth

| #— iGas Contert —+— Permeahility |

Figure3.25  Permesability and gas content relationship with depth

(after Thomson and MacDonad, 2003).
It should be mentioned that these classfications are based on usng currently
available technology and commercia conditions. In future, advanced deveopment
may occur to enhance drainage a lower cod permeability. None of these mentioned
categories consdered the cod gas content. Those coa-beds, which have low gas
content (1.8 miftonne) and high permeshility can be subjected to drainage, however,

some environmenta limitations occur such as water disposa (Aluko, 2001).
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3.5.2 Outburst classification

As defined in Chapter two, the tendency of a cod seam to outburst depends on a
number of factors that includes the totd gas content and gas type, cod seam
permesbility, raie of devdopment, length of gas drainage time and the presence of
geologicd dructures (Thomson, 2004). By combining the data from Gil and
Swidzinski (1988) and Lama and Bodziony (1998) a diagram (modified from the
origind by Gil and Swidzinski, 1988) can be produced, which shows the correlation
of cod pemesbility to outburst proneness for some Russan, Ukranian and

Audtrdian cod mines (Figure 3.26).

Highly outburst coal Medivm authurst coul Least outhurst coal i
k<107 mID 10 mDek<1 0 md k=10" mi»
&
t I T 6,
=t K 5 5 .-
4
—_— 3_
: 1
e
=
10° 10" 10° 10° 10" 1 10 1o° 10
k, mD
1. Lamaand Bodziony 4. Inditute IGC (Vorkutacoa)
2. G. N. Feit 5. 0. J Chemov (Kuznetsk cod)

3. Inditute IGC (Karaganda coal) 6. Institute MakNIl (Donetsk)

Figure3.26  Therdationship of permeshility to outburst proneness (modified from
Gil and Swidzinski, 1988).
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The data presented in Figure 3.26 should be conddered together with other factors
such as cod gas content, the strength of the cod and geologica aspects of the cod
bed. For example, it must be noted that in low permesability coa-beds in the absence
of outburdt risk it may not be of great benefit to drain the gas from the cod-bed as a
safety measure wheress it is possible that a cod-bed with high permesbility can be
subject to outburd. As is shown in Figure 3.27, an intruson intersects a codbed with

high permesbility, when mining towards the intruson safe mining can be predicted

<+ Direction of mining

pocket of gas Hard impermeable
coal

Figure 3.27 Intersection of an intrusion and a high permegbility cod seam.

because of the easy release of gases due to the high permesbility, however as mining
goproaches the intruson an outburst prone zone will manifes. The reason is tha at

distance from the intruson gas is released because of the high permesbility of the

88



CHAPTER THREE: A review of the impact of coal properties on gas sorption

coa and the de-dressng and relaxation of the cod-bed near the face of the heading,
but in the region of the intruson it is hedd behind the intruson, which acts as a
barrier, resulting in an outburst prone zone. One of the ways of distinguishing these
zones during pre-drainage drilling is explained by Hungerford (1995). He pointed out
two characteridics, firdly, difficulty in peneraion into the intruson aea and

secondly, damaging the drill bits sooner than expected.

3.6 SUMMARY AND CONCLUDING REMARKS

This chepter provided evidence about the influence of cod matrix changes and
permesbility on cod drainage and outburst control phenomena. Gas drainage is a
technique that has proved to be successful in reducing the outburst hazard by
reducing the in-dtu gas pressure. Cod seams with higher permesbility show better
gas drainage characteristics. However an outburst prone zone may be located beside
anintruson, even in acod seam with high permegility.

Different factors such as petrography, minerd matters, stress and porosty play a
sgnificant role with respect to coad volume change and permegbility. Accordingly, a
sries of experimentd dudies was undeteken to examine the interrdaionships
between various factors, which are the subject of Sudy in the remaning chapters in
thisthess.

The ams of matrix drinkege tests are vaious. They are patly for measuring the
internd pore surface of the cod matrix, dso to provide the information to modify
drainage sysem or mining method to reduce the risk of outburst. Some of the results,

which have been reported by researchers, are asfollows.
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Expangon of the cod matrix pardle to the bedding is less than tha perpendicuar to
the bedding. Gas type, cod type and rank play a significant role with respect to cod
matrix swelling and shrinkage due to sorption / desorption.

There are different methods of measuring the in-situ permesbility of cod, such as
drilling boreholes from the surface for edimaing the in-Stu permesgbility before
mining o udng inseam boreholes drilled from underground workings. It is
preferable to conduct cod permesbility tests in-dtu, as it provides a true picture of the
permeability properties of the coad. However, because of the cost of the fidd test
process, the most widedy used technique is by laboratory experimentation.
Permesbility is measured by the rate & which a fluid of standard viscosity can move

aong agiven distance within acertan time.
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CHAPTER FOUR

COAL PETROGRAPHY

4.1 INTRODUCTION

As discussed in the previous chepters, there are a number of factors that can
contribute to the phenomenon of outburst in cod. The physca dructure of cod has a
ggnificant influence on gas dorage and its sorption.  Also, the gas retention
characterigtics of cod for any type of gas are strongly influenced by the compostion
and mingdisaion of the cod. A better knowledge of the cod minedisaion and
composition conditute a redistic way to gain a better understanding of the role of
cod composition in the outburst proneness of cod. This can be redised in practice
by petrographic study of coals. Petrographic study involves the microscopic andyss
of the minerd and macerd content of coa, such as vitrinite and inetinite.  This
chapter discusses the petrographic study of coa samples collected from a number of
Audrdian underground mines and from one gte in Iran. Detalls of the cod specimen
preparation and the experimenta apparatus used for the petrographic studies are

described.

4.2 SAMPLE COLLECTION

Cod samples were obtained from different collieries in the Sydney Basin (Tahmoor,
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Datbrook, Metropalitan), the Bowen Basn (North Goonyedla) and the Tabas

codfidds in centrd Iran. Typicd geologicd dratigraphy of the different dtes is

shown in Figure 4.1. (SS= Sandstone; L S= Limestone and Sha=Shale)

Wombarra claystone

ELSE Cloal chf sandstone R Buli seam
----- D seam ) S Balgownie seam
Eskersley formation e Cape Horn seam
Hargraves seam
g 'y seam Eembla sandstone - Wong.am]h ks
& SS American creek seam
= — (7] seam
N Darkes forest sandstone
...... By seam Bargo claystone
i;i-s-éi;i . _ Tongarra seam
Rt B, seam Wilton Formation
Tabas Bull
(20%) 55

Figure4.1

(10%) Sha |-

Broonie seam
Wiiddle Goonyella seam

Lower Goonyella seam

Basal seam

Goonyella Area

Dartbrook Area

Representative lithologica sections of the coa deposits.
(sources: Hullestt, 1991, Jeffrey et d. 1997 and Fazl, 1990)

With the exception of Metropolitan Colliery Coa, cod samples were dug out from

the freshly exposed codface as lumps. Each lump of cod was immediaidy placed in

a plagtic bag and properly seded to avoid prolonged exposure to air. Once in the

92



CHAPTER FOUR: Coal petrography

laboratory, the cod lumps were immersed in water to prevent oxidaion and drying

(Figure 4.2).

Figure 4.2 Cod lumpsimmersad in water.

Coa samples from Metropolitan Colliery were obtained as drilled cores and carted to

the laboratory in sedled plastic pipe containers specialy constructed for the purpose.

4.3 SAMPLE PREPARATION

The cod samples to be used for the petrographic sudy were made into polished
cylinders gpproximaedy 20 mm in diameter usng plagtic moulds. Initidly, the cod
sanples were initidly crushed to paticle sizes between approximately 100 mm and
0.7 mm. A 0.7 mm Seve was used to separate out large fractions. The oversize

particles were re-crushed until dl the cod particles were <0.7 mm. A riffle was used
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to ad in the collection of sufficent representative samples to hdf fill the rubber
mould. A cold setting polyester resin, conssting of 98% Adtic resn and 2% hardener
was mixed and added to fill the mould. The specimen and resn mixtures in the
moulds were thoroughly gtirred with a paper dip so0 that dl cod grains were in direct
contact with resin. The specimens were then placed in a specid vacuum chamber a
70 kPa (dbsolute) for two minutes to remove air bubbles. Once the specimens were
mixed and dl ar bubbles expelled, they were then left to set for 24 hours.

The find dep in sample preparation was specimen polishing carried out on a rotating
lapping machine (Figure 4.3). It was important to produce a highly polished face on
the specimens to adlow the collection of accurate reflectance data and to ad in

macerd identification.

a) A sample polished on alapping b) Finished sample
mechine

Figure 4.3 Polished sample on lapping machine.
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A coarse carborundum paper was initialy used to remove sharp edges from one face
of the specimen to adlow for easy handling. After this 240 grit carborundum paper
was used to polish the opposite face manudly. After severd strokes, the polished face
was rotated 90 degrees and polishing continued.

The gpecimen face was periodicaly flushed and cleaned with sogp and water, then
acohol was sprayed on the face and it was dried with an automatic heater. This
process was repeated until a smooth and shiny face was crested. The am of this
exercise was to successvely polish the specimen to grester degrees of smoothness, so
as to remove surface scraiches and to creste a surface of maximum quaity free from
surface roughness, using 400, 600 and 1200 grit papers successvely and pouring

“Diamond Polishing Solvent”,

4.3.1 Microscopy

A Letz MPV-2 microscope was used for macerd analysis. Reflected white light
andfluorescence mode illumination were used with 32x and 50x ol immersion
objectives giving a totd magnification of approximatdy 400x to 500x. Figure 4.4
shows a generd view of the Letz orthoplan microscope and the Letz MPV-2
photometer.

Point count anayss utilizes a swift automatic point counter and mechanica dage.
The compogtion of the specimens was examined under oil immerdon with the
microscope a a tota magnification of 320x. A mechanica stage was used to move

the specimens under the objective lensin aregular manner.
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Figure 4.4 A generd view of Orthoplan macera microscope with MPV-2
photometer.

Point counts were thus carried ait with a regular east west (or column) spacing of 0.6
mm and a north south (or row) spacing dso of 0.6 mm. These spacing were selected
90 that the likdihood of counting any one particular grain (maximum sze of 0.7 mm)
twice was very low. The objective lens had a smal cross-hair inscribed in its centre.
Each time the lens was moved to a new position the coal component under the cross-
har was identified and recorded. Where the movement controller moved the
objective lens and cross-hair over the specimen resin, the point was ignored and the

lens moved to the next point.
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A minimum of 500 points were counted for each specimen in this manner. Care was
taken to ensure that point readings were taken at the end of the last row (the row in
which the 500" point was recorded), so as not to creste a composition bias due to

grain sedimentation in the resn. Each cod component was classfied into one of the

falowing:

Vitrinite (VIT)
Inertinite (INT)
Liptinite (LIP)
Pyrite (PYR)
Carbonate (CAR)
Other Mineral Matter (OMM)
Cavity (CAV)
Fracture (FRA)
Tabas cod sample (TAB)
Tahmoor cod sample (TAH)
Dartbrook coa sample (DAR)

Metropalitan cod sample (MMP)

North Goonyellacod sample (NGO)
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4.4 PETROGRAPHICAL TEST RESULTS

4.4.1 Tabas coal samples

The Tabas coad depost has three mineable seams (Ci, Bj, By) according to Fazl
(1990), and the cod samples used in this study were al obtained from one location in
deposit G. Table 4.1 shows the results of petrographic point counts. There gpears
to be no marked differences in the macerd and minerd content of dl five samples
being tested. Pyrite and carbonate eements are listed separately from the rest of the
minerdisation column because of the role they play in cod sorption behaviour. Also
liged independently is the cavity column, which describes the cracks and fissures
which both play an important part in gas sorption in the cod mass.

Figure 4.5 shows how the pyritic matter occurs as individua crystds associated with
vitrinite maceral. As can be observed, the Tabas cod samples were vitrinite rich
(Table 4.1) and the average vitrinite point count numbers congtituted around 72% of
the tota, which is within the range between 68% and 100% that was reported by Fazl
(1990). Figure 4.6 shows a reflected white light imege of a vitrinite rich sample from

Tabas.

Table 4.1 Tabas cod compostion and mineraisation.

srmore] VIT [INT[ PYR [ MMO | CAR | CAV | FRA | TOTAL
Pe1 o0 | % | % % % % % %
TAB 1 .0 .0 .0 .0 100
TAB 2 68.8 14.6 2.6 2.5 2.0 6.6 3 100
TAB 3 69.3 8.8 1.9 4.1 2.9 8.9 3.9 99.8
TAB 4 73.2 9.8 2.1 4.9 1.2 7.2 1.4 99.8
TAB 5 77.5 7.7 1.3 2.8 2.8 6.8 1.0 99.9
Average 71.9 9.5 2.18 3.68 2.18 7.9 2.66
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Pyrite

Figure 4.5 Framboidd pyrite (lower) and larger pyrite grainsin vitrinite in Tabas
cod sample. Reflected white light image; Field width = 0.54 mm

Figure 4.6 Vitrinite with cdl lumen, origindly filled with fine grained minerd
matter, in Tabas cod sample.
Reflected white light image; FHeld width = 0.54 mm
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4.4.2 Tahmoor coal samples

Cod samples from Tahmoor mine were collected from two pands in the Bulli seam.

The 800 and 900 Panels, which were divided by a dyke. As a result the 800 Pand was
in a benign zone while the 900 zone was described as geologicdly disturbed. Bulli
seam cod, a high qudity coking cod, is extensvely mined within the Illawara Cod
Measure deposit of the Sydney Basin. The other seams in the lllawarra Coad Measure
formation in descending order from the Bulli seam include, Bagownie, Cape Horn,
Wongawilli, American Creek, Tongarra and Woonona seams. The thickness of the
Bulli seam a Tahmoor Colliery generdly varies from 1.6m to gregter than 2.5m. The
depth of workings can range from 380m to 450m below the surface. The Bulli seam
section usudly occurs as a single unit of cod, dthough shde and other dirt bands can
occur from time to time in various portions near the floor and roof of this seam.
Table 4.2 shows the minera compostion andyss obtained from both the 800 and

900 Panels, respectively.

Table 4.2 The results of petrographic point counts for Tahmoor Colliery samples.

Sample | VIT | INT | LIP | MMO | CAR | CAV | FRA | TOTAL
% % % % % % % %
Panel 800
TAH 1 75.8 | 22.7 0.8 0.8 0 0 0 100.1
TAH 4 75.0 | 19.7 1.8 0.9 0 2.5 0 99.9
TAH 5 71.4 | 21.8 1.8 1.0 0 3.8 0 99.8
TAH7 77.8 | 20.2 0.0 0.8 0.2 0.8 0 99.8
TAH 8 77.4 | 19.1 0.7 0.6 0.2 1.8 0 99.8
Average | 75.5 | 20.7 1.0 0.8 0.2 1.8 0
Panel 900
TAH 2 69.0 | 25.8 0.8 3.2 1.1 0 0 99.9
TAH 3 56.0 | 31.6 1.6 7.3 2.7 0.6 0 99.8
TAH 9 57.8 | 28.6 1.4 4.8 4.7 0.9 2 100.2
Average | 60.9 | 28.7 1.3 5.1 2.8 0.5 0.6
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It can be noted from the Table 4.2 that the vitrinite content for the 800 zone is greeter
than for the 900 Pand, and this difference will be reflected in the permesbility and
cod volume change characterigtics.

From Figure 4.7 it can be seen that typicd grains have abundant vitrinite. Also
present, but in lesser proportions, are a mixture of vitrinite and inertinite and a large
piece of cacite that infilled a cleat prior to sample preparation. Cdcite-filled clegts
reduces cod permeability and impede gas desorption. Figure 4.8 shows the typica
compostion of the Tahmoor cod, which is characterized by inertinite layers and
mixed vitrinite-inertinite layers. Figure 4.9 shows vitrinite with a clay-filled cdl
lumen. A day filled lumen gengdly impedes permesbility causng difficulties in

effective cod degassng.

Cdlcite

Vitrinite

Inertinite

Figure4.7 Tahmoor cod showing cacite, and cod grains with vitrinite/inertinite
or vitrinite only. Reflected white light image; Fidd width = 0.54 mm
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Figure 4.8 Tahmoor cod composed of inertinite (white) and vitrinite. Reflected
white light image; Field width = 0.54 mm

Figure 4.9 Tahmoor cod with abundant clay filled cell lumen in vitrinite.
Reflected white light image; Feld width = 0.54 mm
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As dated above, the coa compostion is different between the 800 and 900 Panels
with the 800 Pand cod having a greater percentage of vitrinite in comparison to the
900 Pand cods The ramifications of these variaions will be further examined when

dedling with cod permeability and the shrinkage properties of cod later on.

4.4.3 Dartbrook coal samples

Cod samples from Dartbrook Colliery were collected from the Wynn seam. The mine
commenced operation in 1996, mining cod by retreat longwal mining. The Wynn
seam is a low sulphur, high volaile bituminous thermda coal, Stuated about 350m
below ground with aworking section of between 4.0 and 4.5 m.

The cod deas ae filled by cdcite, which gredly influences the permesbility.
Cabon dioxide is the dominant gas in Dartbrook Colliery with methane as a minor

gas (Crosdale, 1998). The results of point counts are shown in Table 4.3.

Table4.3  Theresults of petrographic point counts for Dartbrook Colliery samples.

Sample Vit INT LIP MMO CAR CAV FRA TOTAL
% % % % % % % %
DAR 1 39.9 39.2 1.4 4.9 9.9 2.3 2.2 99.8
DAR 2 40.2 33.3 1.8 6.6 155 2.4 0 99.8
DAR 3 44.3 35.2 1.1 4.5 12.8 0.9 1.1 99.9
DAR 4 7 0 99.8
DAR 5 39.8 31.5 0.6 4.8 16.1 5.6 1.4 99.8
Average | 40.68 35.56 1.1 5.28 13.88 2.38 0.94

It can be seen that the tested cod has a relaively low percentage of vitrinite, and its
inertinite component is high in comparison with Tahmoor coad samples. Figure 4.10
shows inetinite as the mgor macerd, while in Figure 4.11 it is a combination of

vitrinite and inertinite.

103



CHAPTER FOUR: Coal petrography

FHgure4.10  Inertinitein Dartbrook cod. Reflected white light image.
Field width = 0.54 mm

Figure4.11  Dartbrook coad composed of vitrinite and inertinite (white).
Reflected white light image; Feld width = 0.54 mm
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4.4.4 M etropolitan coal samples

Table 4.4 shows the petrographic point counts for coa samples collected from
Metropolitan Colliery. Metropolitan Colliery has a long higtory of outbursts. 154
outburss have occurred a Metropolitan Colliery from 1895 till now, and in the
largest one nearly 250 tonnes of cod were gected. The presence of dykes and faults
has resulted in changes in the seam gas compostion, and according to Lama (1995b)
the dominant gas a Metropalitan Colliery is CO,. Also the current gas composition
of the active part of the mine is manly CO,. In fact, the overdl compaostion of cod a
Metropolitan Colliery was smilar to Pand 900 cod a Tahmoor. Under white light
incident microscopy, clay minerds were distinguished by their dark and grainy
colours. Also present in the sample is a smdl amount of polishing powder (Figure

4.12). Figure 4.13 shows the inertinite present within vitrinite,

Table4.4 Petrographic point counts for Metropolitan Colliery samples.

Sample | VIT % | INT % MMO CAR CAV FRA TOTAL
% % % % %

MMP 1 61.1 24.5 2.6 0 5.9 5.7 99.8
MMP 2 54.3 30.9 2.3 1.8 5.7 5.4 99.8
MMP 3 59.8 28.1 1.9 0 5.8 4.6 99.9
MMP 4 59.1 28.0 2.0 0 6.2 4.5 99.8
MMP 5 56.3 29.0 2.8 0.8 5.8 5.1 99.8
Average | 58.12 28.1 2.32 0.52 5.88 5.06
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Figure4.12 Metropolitan coa with vitrinite and polishing powder adhering to the
surface. Reflected white light image; Fied width = 0.54 mm

Figure4.13  Metropolitan coa composed of inertinite (white) and vitrinite.
Reflected white light image; Field width = 0.54 mm
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Table 4.5 shows the point counts for North Goonyella coa samples. North Goonyella

cod has a very low percentage of vitrinite and a very high percentage of netinite in

its composition as shown in both Figures 4.14 and 4.15, respectively.

Table4.5 Petrographic point counts for North Goonyella Colliery samples.

TOTAL
Sample | VIT% [ INT% | PYR% | MMO% CAV % FRA % %

NGO 1 24.8 56.5 0.7 6.5 7.2 4.3 100.0
NGO 2 25.3 61.1 0.8 6.2 3.1 3.4 99.9
NGO 3 29.1 57.2 0.5 4.0 5.8 3.2 99.8
NGO 4 24.3 58.0 0.9 7.0 6.5 3.1 99.8
NGO 5 30.0 52.3 0.9 5.5 7.6 3.7 100.0
Average 26.7 57.02 0.76 5.84 6.0 3.54

Vitrinite

Figure 4.14

Inertinite

North Goonyella cod composed of inertinite with many cdll
lumen(white) and vitrinite with many fractures.
Reflected white light image; Field width = 0.54 mm
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Figure4.15  North Goonyelacod composad of inertinite with numerous cel
lumen. Reflected white light image; Field width = 0.54 mm

It should be noted that a North Goonyela coa mine the dominant gas is CHa.
Hargraves (1986) related the CO, in the cod measures of eastern Audrdia to the
progress of tertiary vulcanism. Where magmatic intrusons occur in cod seam, such
as a Tahmoor, Dartbrook and Metropolitan coadmines, the likeihood of CO;
presence is srong. This explains why there is the absence of CO, a North Goonyella

and Tabas coamines.

4.5 DISCUSSION AND SUMMARY

The point count andyss average results are shown in Figure 4.16. The bar chart
shows corrdations between different cod type compodtions. Tabas Cod has the
highest vitrinite concentration (70%) and lowest inetinite dements (9.46%)

compared to the other coal samples. The lowest vitrinite content was obtained from
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North Goonydla. The latter, however, had a dgnificant proportion of inertinite,
which makes it a poor qudity cod in comparison with the other cods. The qudity of
Bulli cod is inferior to that of Tabas, but superior to other coas obtained from

Dartbrook and North Goonyella respectively.

100.0% -

90.0%
O Dartbrook

80.0% O Metropolitan

70.0% M O North Goonyella
O Tabas

60.0% 7 — 8 Tahmoor

50.0%

40.0% 7| [

30.0% 7| | |

20.0% T

10.0% - H

0.0% = — I H—H_I_l = H_FI_L e

Vitrinite  Inertinite  Liptinite  Pyrite Other Minerals Carbonate Cavities  Fracture

Figure4.16  Bar chart of point count compositions of dl the cods.

It is interesting to note that there is a marked smilarity in cod composition between
the Metropolitan coad sample and the Tahmoor 900 Pand cods. This is expected as
both sample locations are geologicaly sructured with some intrusons. It is a wdl-
known fact that gas compostion often changes in the Metropolitan Colliery Bulli
seam between methane and carbon dioxide, and such variations may be the results of

intrusons and geologica disturbances.
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Thus, the dgnificance of this petrologicd study with respect to the proneness of cod
to outburst will be brought to light when the coa compostion ements are further
assessed with respect to coad permesbility and volumetric matrix change in different
gas environments. This will be the subject of further research reported in the

following chepters.
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CHAPTER FIVE

INFLUENCES OF GASENVIRONMENT ON

VOLUMETRIC COAL MATRIX CHANGE

5.1 INTRODUCTION

Significant dtudies are reported on cod matrix shrinkage tests conducted on cod
samples from overseas and on a limited number from Audradia There is, however,
limited reporting of the relationship between cod matrix dhrinkage and parameters
such as cod permeability, minerdogy and adverse geologica conditions. This is of
particular importance to the Audrdian cod industry, with regard to the establishment

of acredible databank for Audtrdian cods.

This chapter is primarily concerned with experimenta sudies related to cod volume
change under various gas types and pressures. All these tests were performed a a
constant normal temperature of 25°C. The gases used in the study were CH;, COo,
CH4/CO, (50%), and N2 Two types of tests were conducted on each sample, the
adsorption test for cod sweling and the desorption test for cod dhrinkage. All tests
were conducted a incremental pressure changes of 0.5 MPa. A totd of 125 tests

were conducted with respect to volumetric change behaviour in different gases.
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5.2 COAL SAMPLE PREPARATION

Core samples 50 mm in diameter were drilled out of the cod lumps collected from
five different locations as described in Chapter 4. Figure 5.1 shows the flow diagram
for the coa sample preparation and testing procedure. Prior to drilling the cores, each

irregularly shaped coa lump was first cast in a regular shaped concrete block base to

permit easy drilling.

Sample preparation

J Fixing
e /v /ey [/ i [ | 20

l

=xperimental procedure

J

Evacuating Pressurizing with Monitoring of
the bomb > various gases pressure reduction

!

Recording
Volumetric changes
and determining
Shrinkage coefficient

Figure 5.1 Flow diagram of coa sample preparation and shrinkage testing
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A diamond tipped core drill was used to drill the cores as shown in Figure 52. The
cored samples were then cut to 50 mm lengths using a circular saw. The ends of each
core sample were cut, polished and ground flat with a lapping machine in accordance
with the International Society of Rock Mechanics (ISRM) standards. Once the core

samples were fully prepared they were re-immersed in water until the time of testing.

Core
barre

Figure 5.2 Cod coredrilled out of cod lump.

5.2.1 Sampleinstrumentation

A st of four srain gauges was mounted a mid-height on each sample to monitor

both the axia and radia drans in the cod smple. Two strain gauges were mounted
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padld to the sample axis, but diamericdly opposte. The other two were
circumferentidly glued around the sample and 180° apart. Figure 5.3 shows a typica
specimen with instruments and wires attached, which were to be connected to the
bomb lid terminds for data retrievd. A data-logger DT-500 (Data Taker brand)
connected to a PC was used for data retrieval from the samples during the sorption

process and subsequent analysis.

Figure5.3 Cod sample with insruments.

5.2.2 Sample preconditioning and testing

Volumetric matrix change or cod swdling/drinkege tests were conducted in
pressure vessels in a adsorption / desorption gpparatus as shown in Figure 5.4 and
described elsewhere by Lama and Bartosewicz (1982) and later by Aziz and Ming-Li

(1999). The pressure vessdls, known as ‘Bombs (Figures.5) were modified to
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Confining
Pressure
e Preszsure
Valve 4 Plastic Hozes Fegulator
_/ \\_ ? N ) /Valve y
FPressure Val\\r\e Valve / Walwe
DERSON N, 1
Electrical Gas cylinder
Sample- _ y
Contajner\ Connections
Data taker
N
I_'::'_I

e PC

Figure 5.4 Schematic diagram of gpparatus for testing volumetric changein cod

Chutlet valve

Pressure transducer
Inlet valve

O 1ing

Figure 5.5 Sample container (Bomb)
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include individua pressure transducers. A totd of 18 bombs were congtructed for two
sets of sorption gpparatus, and one set of sx bombs was subsequently modified and
used for cod shrinkage testing. Coal samples were seded in the bombs and evacuated
for 24 hrs in order to remove any other gases in the cod. They were then pressurised
with a predetermined gas type up to 3 MPa pressure, which is typica of the gas
pressures found in Audrdian cods, as measured by Lama and Bartosowicz (1983) in
Wes Cliff Colliery. However, the Bulli seam gas pressure can reach up to 5 MPa,
particularly in some parts of the seam near Tahmoor and in the now closed nearby
Oakdale mine workings. The sample containers (bombs) were kept immersed in a
constant temperature (25°C) controlled water bath, but were isolated from the water
bath by copper deeves to keep them dry. Two types of test were made on each cod

sample:

Adsorption test to determine the volumetric swelling of cod in different gases

and pressures

Desorption test for coa volume shrinkage in different gases and pressures.

The sample was pressurised to 3MPa and then the gas was discharged in incremental
seps of 0.5 MPa every 100 minutes. Changes in the volume of the cod were
monitored and autometicaly recorded a regular intervas during the sorption and

desorption process viathe Data- Taker and PC.

Following completion of one st of tests for a given gas type, the bomb was

evacuated and the procedure repesated for the other gases. Changes in the volume of
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the cod matrix were caculated usng the average of the two drains in the axid and

radid directions. The caculation procedure was.

V=p r? h (5-1)
NV=Inp r? h (5-2)
INV =Inp +2Inr+Inh (5-3
As

Inp = Congtant (5-9)
Then;

Dv Dr Dh

V2 =2 (T) + (T) (5-5)
Where:

h = The height of sample, cm

q
I

The radius of sample, cm

\Y; = the volume of sample, cn?®

~ = Volumetric drain, dimensonless
Dr , L .

— = Aveageradid drain, dimensonless
r

Dh , o .

o = Average axid drain, dimensionless
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5.3VOLUMETRIC CHANGE DUE TO ADSORPTION —RESULTS

AND DISCUSSION

Figures 5.6 to 59 show the volumetric grain variaions versus time for Tabas cod
samples in different gas environments. It can be obsarved that there are some
vaiaions in the volumetric change profiles for different samples tested under the
same gas type and gas pressure. For example, a a 3 MPa gas pressure level (Figure
5.6), there is a difference in the volumetric strain of the order of 20% between Tabas
cod samples 1 and 2, while the other samples (samples 3, 4 and 5), lie in between
these two extremes. This is not unexpected, as the cod samples with very different
volumetric drains may have come from different places in the long section (different

horizons) cored out of the cod lumps.

0.012
TAB 2
. TAB 4
0.01 TAB 3
TAB 5
c TAB 1
-® 0.008
17}
Q2
5 0.006 -
IS
=
£ 0.004
0.002 T
0 T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500

Time, min

Figure5.6 Volumetric srainsfor Tabas cod a 3 MPain CO,.
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Figure 5.7 Volumetric strains for Tabas cod at 3 MPain CHa.
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Figure 5.8 Volumetric strains for Tabas cod a 3 MPain a 1:1 CH,/CO, mixture.

119



CHAPTER FIVE: Influences of gas environment on volumetric coal matrix change

0.0014 -
0.0012 TAB 2
TAB 4
- TAR R
g 0001 TAR3
3 0.0008 - TAB1
T
£ 0.0006 -
=)
> 0.0004
0.0002
0 T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500

Time, min

Figure59  Volumetric srainsfor Tabas cod in Nz gasat 3 MPa

By comparing the volumetric strain curves it was found that CO, gas caused the
highest cod volume expanson and N the lowest (Figures 5.6 to 5.9). This trend was
the same for al the cods teted. The low levd of influence of N, gas can be
explained by referring to its lack of attraction to cod. However the molecular sze of
nitrogen (36A) is smdler than the methane (38A) (Kaye and Laby, 1966) for example
suggesting that it can reach to he smaler pores, but because there isn't any dtraction
between the pore walls and the N> molecule, the sorption rate of nitrogen will
therefore be low. Also, Rodrigues and Sousa (2002) mentioned that carbon dioxide
induces great swelling effect in the coa structure since its rate of sorbed and free gas
is higher than the other gases such as nitrogen. In the case of the cod matrix higher
dfinity for cabon dioxide, Detz, Capenter and Arnold (1964) explained,

“adsorption of carbon dioxide by the coad metrix is strengthening by the quadrupole
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moment of the carbon dioxide molecule interacting with the oxygen present on the
cod (carbon) surface’. It can be concluded that, in the volume change measurements
of cod with sorption of different gases, both sze of the gas molecules and ther

relationship with the cod have to be considered.

More than 90% of the tota increase in volume for any cod type occurred during the
firg 300 min after gas pressurisation, however this period varied with the gas type
used. It occurred a a faster rate in CH,, followed by the CO,/CH4 mixture, then CO,
and findly Na.

The volume increase for Tabas cod in CHs was around 0.08%, and in CO; it was
aound 0.1%. The dgnificance of the cod swdling profiles with respect to timeis
that it clearly demondrates that much of the cod matrix expanson occurs in the early
dages of gas gpplication, and is in line with the generd sorption isotherms used for
gas sorption as discussed by Lama and Bartosowicz, (1982). The volumetric strain
due to sorption of the CH4/CO, mixture was closer to that of carbon dioxide rather
than that of methane, thisis because of the greater affinity of CO, on coal.

A rddivey gregter vaiaion of volume change “swdling” in cod samples with
respect to changes in gas type and cod can be attributed to the cod matrix structure,
The sorption capacity of cod appears to depend on its porous configuration,
especidly with respect to the micropores, as reported by various researchers. Lama
(1988) stated, “Cods have a farly complex and varigble microstructure depending
upon their metamorphic state (rank) and the percentage of each of the petrographic
components’. Ettinger et a. (1958) showed a clear connection between degree of

metamorphism and gas sorption capacity of coads. Furthermore Gan, Nandi and
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Waker (1972) demongtrated that pore volume distribution is dependent upon the rank
of cod. Therefore it can be explained that rank and macerds dictate the development
of the micropores in the coa matrix. When describing the differences between
sorption rates, the discusson refers to the influence of macera compostion and
minerd maiter within the cod matrix (which will be discussed later in thisthess).

The volumetric drain curves of dl the cod samples which were tested from the Tabas
mine indicated that the higher the levd of vitrinite macerd the greater the magnitude
of drain. Many researchers have indicated that coal maceras influence gas sorption.
These include Ettinger et d. (1966), Lamberson and Bustin (1993), Crosdde and
Beamish (1993, 1995), Bugtin, Clarkson and Levy (1995) and Crosdale, Beamish and
Vdix (1998) who observed that vitrinite-rich cods have a higher adsorption rate and
a higher amount of swdling than inetinite-rich cods of equivdent rank. However,
Faz et d. (1992) mentioned that “poor or no corrdaion may be found between
adsorption capacity and macerd compostion”.

The role of mineral matter in sorption is important. Mineral maiter causes a reduction
in gas sorption as it is not an adsorbent for the cod gases. This was clearly evident in
the lower vaue of volumetric drain for the Dartbrook Wynne Seam cod (Figure
510), a cod that was reatively high in minerd matter in comparison to average
vadues for the other cods. Thus higher amounts of minera matter result in lower
volumetric drain. The average vaues of volumelric drain profiles in different gases
for Tabas cod and other cod samples from Dartbrook, Tahmoor, Metropolitan, Tabas

and North Goonyella are shown in Figures 5.10 to 5.14 respectively.
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Figure5.10  Theaverage volumetric strain of Dartbrook coa associated with
adsorption at 3 MPafor different gases.
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Figure5.11  Theaverage volumetric strain of Tahmoor cod associated
with adsorption at 3 MPafor different gases.
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Figure5.12  Theaverage volumetric strain of Metropolitan coa associated
with adsorption at 3 MPafor different gases.
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Figure5.13  Theaverage volumetric strain of Tabas coad associated with adsorption
at 3 MPafor different gases.
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Figure5.14  Theaverage volumetric strain of North Goonyella cod (NGO)

associated with adsorption at 3 MPafor different gases.

For cod samples from North Goonydla (NGO) the average volumetric change due to

carbon dioxide sorption was about ten times higher than that due to nitrogen, and was

approximately 2 and 1.2 times higher than for methane and the CH,/CO, mixture

respectively. The ratio of the volumetric srain changes of CO, / N> measured for

Tahmoor (TAH) cod samples was around 22, and for Dartbrook (DAR) coa it was

eght (8). By comparing Figures 5.10 and 5.11 with the other sorption figures, it can

be seen tha the cod samples from the Bulli cod seam (Tahmoor and Metropolitan

Callieries) had the least expanson in the methane gas environment. The rétio of ther

expanson for methane compared to carbon dioxide was 2.5 for Metropolitan coa

samples (MMP) and 2 for Tahmoor cod samples (TAH).
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5.4 COAL SHRINKAGE BY DESORPTION

In the second series of tests the strains due to desorption were measured. Incrementd
gas pressure reduction and its impact on various cod samples from North Goonydla
(pressurised to 3 MPa) are shown in Figures 5.15 to 5.18, and Figure 5.19 shows the
average vaues for dl North Goonydla samples The trend of the incrementa
decrease in cod volume as aresult of gas pressure drop is sSimilar for al five samples.

It is clear from Figure 519 that for any given pressure level the volume change is
highest in a carbon dioxide environment, followed by the mixture CO,/CHg, then CH,4
and Nj. The incrementd reductions in gas pressure were maintained congtant a 0.5

MPa All individual sample desorption graphs are listed in Appendix .
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Figure5.15  Volumetric grainin CO, for pressure reductions of 0.5 MPafrom
3 MPafor North Goonyella samples.
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Figure516  Volumetric grain in mixed CH4/CO; for pressure reductions of
0.5 MPafrom 3 MPafor North Goonyella samples.
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Figure5.17  Volumetric strain in CH, gas for pressure reductions of 0.5 MPafrom
3 MPafor North Goonyella samples.
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Figure518  Volumetric grainin N gas for pressure reductions of 0.5 MPafrom
3 MPafor North Goonyella samples.
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Figure5.19  Average volumetric strain for various gases for pressure reductions of
0.5 MPafrom 3 MPafor North Goonyella samples.

The rate and amount of volumetric change over the same time period were greater at

lower pressures. A suitable explandtion is that a lower pressure levels the sorbed gas
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in coa can desorb more easly than at higher pressures, aso, the inherent cod pores
and microfractures open up a the lower pressures (Harpalani and Chen, 1995). The
volumetric srains were higher for carbon dioxide than methane and nitrogen. Thus
the shrinkage due to carbon dioxide was more than with the other gases By
comparing the desorption diagrams for the CH,/CO, mixture with the desorption
diagrams for CH; and CO,, the desorption of the mixture can be divided into two
dages. Initidly the volumelric drains for the mixture were very smilar to CHy
grains. In the second stage, the mixed gas behaved in the same way as CO». This
suggests that desorption of methane is more rapid than that of carbon dioxide, even in
mixtures. This implication can be further judtified by looking a the ratio of CO, /
CHg, which in the initid sages of desorption was low and in the laer stages had
increased; it confirms Lamas (1988) and Crosdae's (1999) findings, which showed
that during CH4/CO, mixture desorption from high pressure to low pressure, CH, is
preferentialy released and CO. preferentidly retained by the cod. This suggests an
explanation for the outburst phenomena, where in the early stage of outburst methane
gas is the predominant gas and in the later stages the vast mgority of the gas will be
carbon dioxide.

The drinkage coefficient (C,) is defined as the rate of change of the coad matrix

volume to the change in gas pressure and is given by:

_ 2V

C :
" vmgdpg

(5-6)

Vm = Matrix volume, nt

dVm = Changein volume, n?®
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dP = Changein applied pressure, MPa

C,, = Shrinkage coefficient, MPa*

However, the smple way to determine (C,,) is from the dope of the volumetric srain

versus gas pressure plot. The volumelric drains were plotted with respect to

decreasing gas pressures by alowing desorption to reach near equilibrium a each

Stage.
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Figure520  Volumetric grain of different North Goonyella cod matrix samples
with decreasing CO, gas pressure from 3MPato absol ute pressure

According to Figures 5.20, as a generd rule, the shrinkage coefficient increases with
decreasing pressure. Table 5.1 shows the values of the shrinkage coefficient (Cr,) for

the various cod types in different gas sorption/desorption environments.
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Table 5.1 Shrinkage coefficients (MPat) for samples tested.

Coal samples CO, CH4 CH4/CO; N2
NGO 1 0.0092 0.0044 0.0067 0.0012
NGO 2 0.0099 0.0049 0.0070 0.0013
NGO 3 0.0118 0.0054 0.0081 0.0014
NGO 4 0.0087 0.0035 0.0051 0.0010
NGO 5 0.0108 0.0031 0.0061 0.0013
TAB 1 0.0047 0.0021 0.0037 0.0008
TAB 2 0.0073 0.0041 0.0059 0.0011
TAB3 0.0058 0.0029 0000 0.0009
TAB 4 0.0067 0.0033 0.0052 0.0010
TAB5 0.0055 0.0026 0.0046 0.0008
MMP 1 0.0060 0.0016 0.0061 0.0009
MMP 2 0.0089 0.0022 0.0048 0.0012
MMP 3 0.0082 0.0020 0.0051 0.0011
MMP 4 0.0072 0.0017 0.0055 0.0010
MMP5 0.0083 0.0021 0.0046 0.0011
DAR 1 0.0099 0.0039 0.0052 0.0012
DAR 2 0.0082 0.0031 0.0080 0.0010
DAR 3 0.0085 0.0034 0.0064 0.0010
DAR 4 0.0090 0.0035 0.0056 0.0011
DAR5 0.0075 0.0029 0.0072 0.0010
800 panel
TAH 1 0.0098 0.0020 0.0065 0.0011
TAH 4 0.0091 0.0018 0.0053 0.0010
TAH 5 0.0080 0.0017 0.0053 0.0009
TAH 7 0.0114 0.0023 0.0078 0.0012
TAH 8 0.0105 0.0022 0.0075 0.0011
900 panedl
TAH 2 0.0073 0.0013 0.0051 0.0007
TAH 3 0.0051 0.0010 0.0040 0.0007
TAH 9 0.0072 0.0011 0.0048 0.0007
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These vdues dealy show the effects of variations of the matrix dructure and
composition of various cod types on Cy,. Cy, vaues determined from the current tests
were in agreement with vaues obtained by previous researchers in this field, which
were shown in Table 3.1. Also, the dhrinkage coefficients of Metropolitan cod
samples were agpproximately the same as for Tahmoor coa samples, which in both
mines were extracted from the Bulli cod seam. Obvioudy, the variation in shrinkage
coefficient is influenced by the cod compogtion, paticularly, the variaion in minerd
meatter.

It can be dearly seen that for dl gas environments the cod meatrix volume shrinks

with reduction in pressure. As can be seen from Figure 5.21 for dl tested samplesthe

0.012 1

BNGO
OTAB
001 19 ] B MMP
O DAR
- | ] E TAH 800
g 0008 . B TAH 900
3
2 7 —
£ 0006 1 | [
e I
S ||
S
> 0.004 A
0.002 1
. | | THI [
CG, CH, CO,/CH, N,

Figure5.21  Average volumetric strain of tested coa samples

132



CHAPTER FIVE: Influences of gas environment on volumetric coal matrix change

highest amount of volumetric strain was caused by carbon dioxide and the leest by
nitrogen. Also it can be deduced that the volumetric strain for CO,/CHj, is closer to
that of CO, than to that of CH,s. Nitrogen as a neutral gas does not have much effect

on the cod volume.

5.5 CONCLUSIONS

The experimentd work reported in this chapter demondrated the influence of
incressed cod sorption on cod volume change. The levd of cod drinkage is
affected by the type of gas desorbed. Carbon dioxide appears to have the greatest
influence on the matrix and nitrogen the leest. This is undergandable in view of the
fact that carbon dioxide has a greater affinity to cod than the other gases. As well as
the magnitude of shrinkage, the rate of shrinkage was dso found to be influenced by
the type of gas and the gpplied pressure. All mines cod samples showed
goproximately the same behaviour, with Metropolitan cod samples having a greater
average rate of shrinkage than the other cod samples. Such variation can be attributed
to the cod compostion. Further analyss of the results will be discussed in relation to

cod permesability and cod composition in later chapters.
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CHAPTER SIX

THE EFFECT OF GASPRESSURE AND AXIAL

STRESSON COAL PERMEABILITY

6.1 INTRODUCTION

There are different methods of determining the permegbility of cod. The in-Stu fidd
tes method is generdly superior as it represents a much more redisic way of
determining permesbility. In paticular, the dug method reported by Koenig and
Schraufnagel (1987) and Shu et d. (1995) is widdy used for estimating indtu
permegbility, paticularly in a water-saturated coa seam. InStu permesbility tests
have their limitations, however, as the method can be laborious and access to the site
is not dways convenient. Accordingly, most of the permesbility research conducted
is laboratory based, often involving the use of some complicated gpparatus, mostly
built in-house for the specific task. Past laboratory-based studies on cod permeability
include those by Lingard, Phillips and Doig (1982), Gray (1987), Wold and Jeffery
(1999), and Lama and Bodziony (1996).

The experimental study reported in this chapter forms part of a comprehensve study
amed a edablishing corrdations between the gas environment, cod matrix change,
cod compogtion and cod permesbility for outburs control and management.

Vaidion of ground dresses on cod is smulaed by the gpplication of variable
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verticd loads on the cod samples, which are contained in a triaxia gas chamber that

forms a sgnificant part of the purpose built permesbility gpparatus.

6.2 EXPERIMENTAL PROCEDURE

Permegbility tests were conducted in a Multi Function Outburst Research Rig
(MFORR) (Figures 6.1 and 6.2). MFORR comprises a number of components which
can be utilised in a variety of research sudies, dthough it was initidly built for the
dudy of the influence of the gas environment on cod drength. The integrated

components of the MFORR include:

1. Gas pressure chamber — aso used for coa permesbility Sudies
3. Drilling sysem

4, Drill support frame

5. Drill cutting collection system

6. Universal socket for vertical load application

7. Flow meters

8. Data acquigition system

9. Various components for cod strength properties tests.

The components of the MFORR were interchangesble with respect to the types of
tests undertaken. All the above were held in a main frame that conssted of a sturdy
ded dructure, which housed the gas chamber and a universa thrust connector. The
gas pressure chamber was a hollow rectangular prism of cagt iron with removable

front and back viewing plates. The dimensions of the box were 110 mm x 110 mm X
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Figure 6.1 A generd view of the MFORR.
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Figure 6.2 Schematic of the equipment for mesasuring the permesbility of codl.
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140 mm. The viewing windows were made of 20 mm thick glass in a cast iron frame.
Access to the chamber was possble by unbolting the front cast iron frame with the
glass window. Housed in the chamber was a 1210-BF interfaced load cdl with a
capacity of 40 kN for monitoring the load applied. A par of specimen loading plates
with locating lips was used for holding the samples and monitoring the load applied.

For the permeability tests the 50mm diameter, 50mm long core samples were placed
between the loading plates of the permeameter chamber. Axid load was gpplied to
the cod sample via a universd torque device. Changes in the sample's axid and
lateral dimensions due to gas sorption were monitored by two sets of srain gauges, as
shown in Figure 6.2 and described in detal in Chapter 5.

The procedure for conducting each test conssted of the sample being first mounted in
the pressure chamber. The chamber was then seded, the system evacuated to remove
ar and subsequently repressurised to a predetermined level and maintained at that
level. The gas was dlowed to permesate the cod sample and flow out through the
centra hole. The rdeased gas from the cod flows through a measuring system
consging of a vacuum pressure sensor and gas flow meters with  different

measurement ranges.

High range: 0-15 L/min (Type: Dwyer, Modd: GFM 1111)
Medium range: 0-2 L/min (Type: Dwyer, Modd: GFM 1108)
Low range: 0-100 mL/min (Type: Dwyer, Modd: GFM 1104)

Vacuum pressure sensor
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The sequence of varying gas pressure and vertical load on the samples is illugtrated in
Figure 6.3. The load cdl, flow meters, pressure transducer and strain gauges were
connected to a PC through a data logger (Data taker D-500) for data collection. About
30 minutes were dlowed to eapse before steady-state conditions could be reached

and readings could be taken.

Gas environment & 1 [ [(HJ/To, ] (_co

Lras pressure B2

|
1
(MPa) l
|

Axial lnad i R ——

(kg) 'I' I | T

Permeability

oo e -
High permeability —— Low permenbility

Figure 6.3 Sequence of varying pressures and loads in the permesbility tests.

The permeghility of the sample was cdculated using the following Darcy’ s equation

(Lama, 19953):

S
erlngli
K = li g

= 6-1
r—w(Po2 - I:)u 2) ( )

where:
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K= Pemeability to gas, Darcy

¢ = Heght of the sample, cm

Q= Raeof flow of gas, cc/sec

Po=  Absolute pressure in the chamber, bars
o=  Externd radiusof sample, cm

Pu= Absolute pressure a the outlet, bars

rr = Internd radiusof sample, cm

m = Viscosty of tested gas, centipoise

6.3 TEST RESULTS

Permegbility tests were conducted on cod samples from dl five mines under
condderation. The Tahmoor cod samples from two geologicdly different conditions
were the subject of particular interest. Tables 6.1 - 6.2 contain the permesbility test
results of Tahmoor cods collected from 800 and 900 panels. The coa sample results
from the other mines (Metropolitan, Dartbrook, North Goonyella, and Tabas) and
additional Tahmoor samples are listed in Appendix I1.

It can be seen from Tables 6.1 to 6.2 that there were variations in permesbility
between the two different cods from the Bulli seam a Tahmoor mine Also,
condderable variations in cod permesbility were observed for different confining gas
pressures under the same axid load. Smilar findings were aso reported by Enever

and Henning (1997).
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Table 6.1 Permesability test results for Tahmoor coa sample from pand 900(TAH 3).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 3.27E-06 2.43E-05 6.67E-06 4.91E-05
0.5 500 2.27E-06 2.02E-05 4.63E-06 3.16E-05
730 2.20E-06 1.73E-05 4.25E-06 2.78E-05
1000 1.53E-06 1.53E-05 3.73E-06 2.57E-05
100 2.72E-06 1.95E-05 6.56E-06 4.56E-05
10 500 2.07E-06 1.62E-05 4.09E-06 3.35E-05
730 1.54E-06 1.55E-05 3.81E-06 2.53E-05
1000 1.30E-06 9.00E-06 3.76E-06 2.19E-05
100 1.99E-06 1.71E-05 5.83E-06 4.24E-05
2.0 500 1.91E-06 1.33E-05 4.23E-06 3.28E-05
730 1.30E-06 7.48E-06 2.91E-06 2.28E-05
1000 1.20E-06 6.07E-06 2.34E-06 1.91E-05
100 1.95E-06 9.26E-06 4.43E-06 1.76E-05
3.0 500 1.32E-06 6.07E-06 3.82E-06 1.70E-05
730 1.18E-06 4.96E-06 2.73E-06 1.30E-05
1000 1.00E-06 3.78E-06 2.00E-06 1.03E-05
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Table6.2 Permeability test results for Tahmoor cod sample from panel 800(TAH?7).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO; toCH4 to CO,/CH4 to N>
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)

100 5.95E-05 3.72E-04 8.28E-05 6.70E-04
05 500 3.20E-05 3.50E-04 5.66E-05 5. 77E-04
750 2.97E-05 3.18E-04 5.13E-05 5.14E-04
1000 1.81E-05 2.71E-04 4.43E-05 4.52E-04
100 3.88E-05 3.29E-04 7.93E-05 5.32E-04
1.0 500 1.73E-05 2.73E-04 5.04E-05 4.42E-04
750 1.63E-05 2.65E-04 4.78E-05 4.24E-04
1000 3.70E-06 2.51E-04 4.24E-05 4.01E-04
100 2.00E-05 2.54E-04 6.11E-05 4.74E-04
2.0 500 1.12E-05 2.31E-04 3.92E-05 4.51E-04
750 6.50E-06 2.20E-04 3.71E-05 3.70E-04
1000 2.53E-06 1.25E-04 3.00E-05 2.70E-04
100 9.10E-06 1.90E-04 4.73E-05 3.92E-04
3.0 500 5.50E-06 1.60E-04 3.12E-05 3.10E-04
750 5.00E-06 1.18E-04 1.87E-05 2.38E-04
1000 2.15E-06 1.04E-04 1.29E-05 1.65E-04
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6.3.1 The effect of applied load

In samples from dl five cod mines, a strong corrdation between permesbility and
stress was observed. By applying dress to the cod matrix the fractures and cleats are
tightened or closed, the movement of gases is redricted and therefore permesbility
drops. In this study the permesbility of Tahmoor cod samples decreased by an
average factor of 1.5 to 2 when the axia load was increased from 100 kg to 1000kg
under 0.5 MPa methane gas confining pressure.

It should be noted that if the applied load is greater than the mechanicd srength of
the cod, the cod matrix will be crushed, and this results in higher permegbility. It is
reasonable for the permesbility of cod with a well developed cleat system to be much

more stress dependent than for coad with lesswell developed cleats and pores.

The permesbility of cod is dso influenced by the confining gas pressure. As shown
in Figures 6.4(ab) to 6.7(ab) the confining gas pressure has a remarkable influence
on the permesability of dl cod samples. With decreasing gas pressure the permesbility
increases.  For example the permesbility of the TAH 3 sample from 800 pand to
methane decreased by a factor of around 2.6 (i.e, ka/kos=2.43/0.93) when the
confining gas pressure was increased from 0.5 MPa to 3 MPa under a 100kg axia
load. Thus it can be concluded that at higher confining gas pressures, the differences
in the permesability of cod samples from the same seam decreases. Circumstances of
low permegbility can occur indgtu as a result of geologicd anomdies such as
intrusons, i.e it is known that gas pressure increases and permeability decreases

occur around the region of intrusons.
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Figure 6.4 TAH 3 sample (900 pand) permesability for methane and carbon

dioxide under various axid |oads and confining pressures.
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6.3.2 The effect of coal composition

By comparing the Tahmoor coad sample permesbility curves in Figures 64 to 6.7
with Tables 4.1 and 4.2 it can be shown that the permeability of cod is influenced by

the mineral content and the carbonates, as well asthe cavities. In particular:

there was a reduction in cod permesbility with increesng minerd and

carbonate content of the cod;

likewise, an increase in cavities and fractures causes an increase in the

permesbility of cod samples.

Further andyss of the role of cod compostion on cod permesbility will be

introduced later in chapter seven.

6.3.3 The effect of gas Type

The resllts of the permesbility measurements performed with different gases (No,
CHg4, CO,, CH4/CO, mixture) at various pressures up to 3 MPa on the Tahmoor coa
samples are documented in Figures 6.4 to 6.7. The cod samples had permesbility to
methane ranging from 0.00000378 (3.78E-06) up to 0.000372 (3.72E-04) for
different axid loads. This variaion was dso found in other gas environments. The
order of cod permesbility from high to low was N,, CH4, CH4/CO, mixture and
findly CO, (Figures 6.4 to 6.7). The following is a possble explanaion for this

phenomenon.
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Different gases have different molecular diameters, and the molecular diameters of
methane and carbon dioxide are 38 A and 41 A, respectively. (Kaye and Laby, 1966).
The flow of the gas through pores and cleats depends upon the size of the cleats and
pores as well as the range and digtribution. Small pores with diameters of a few A can
behave as a molecular Seve and permit some molecules to pass, while excuding
others. Thus the flow rate of the gases that are passed will be reduced for gases with
bigger molecules in the same dimension of pore Szes.

There are, however, two differing schools of thoughts on this issue. The first school
of thought is attributed to Patching (1965). According to his experimentad sudy, the
permesbility of cod depends on the Sze of the gas molecules and that permesability is
not noticeably affected by gas sorption. The second school of thought is attributed to
Somerton, Soylemezoglu and Dudley (1975), who chdlenged the notion that the
permegbility of cod can be explaned soldy on the bass of molecular diameter.
Based on Patching's explanation, N> should show the highest permesbility, followed
by methane, carbon doxide and then the CH,/CO, mixture. The vaues obtained from
the tests gppear to be in good agreement with this theory. Somerton, Soylemezoglu
and Dudley (1975), however, suggest that the difference in permesability as a result of
molecular diameter done should be around 7 per cent, but tests showed a vdue
between 20 and 40 per cent. An initid hypothess may be that sorption of methane is
the reason for this discrepancy. Somerton reports this, and dates that “Although these
effects may explain the decreased permeshbility of the low permegbility specimens,

they can hardly explain the large changes observed for high permegbility cods’.
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Somerton, however, provided no definitive reason for the discrepancy and suggested
that further work was required. Others (Xue and Thomas, 1995) have suggested that
the pathways for passng the gas molecules are narrow, thus acting as capillary tubes.

The flow rate of the passing gas can be cadculated from Equation 62 (Poiseuille's gas

flow law):
DP
V= (R’ (62
where:
Y, = Volume cn? / second
h =  Thecodfficient of viscosty, poise
DP = Thedifferencein pressure between the two ends of the tube, dynesic?
L =  Thelength of the tube, cm
R =  Theradiusof thetube, cm.

As can be seen from Equation 6-2 a smdl reduction in the effective radius of a
capillary tube will cause a dragtic reduction in the gas flow rate because the flow rate
is proportiond to the fourth power of the radius of the capillary tube. Thus gas flow
through channds with dimensons near those of a capillary tube is governed by the
pore or channd dimensons. From the tests results in Table 6.1 and illudrated in
Figure 6.8ad it is hypothessed that the sorption of molecules, especialy carbon

dioxide on the pores wadls as a monolayer, reduces the effective radius of pathways
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and hinders the passage of the gas through the pathways (interconnected pores or

cleats), and does in fact reduce permeability.

Results show that permegbility of cod to CH4 is dmost an order of magnitude greater

than tha of CO,, while the molecular diameter is smilar & 38 A and 41 A,

respectively.
XTI =T T
o RN oL e o Oooos-:}og@ ol
LO0CO0CO000 R G O X oo
(@ methane (b) carbon dioxide  (c) nitrogen (d) CH4/CO, mixture

Figure 6.8 Schematic view of the passage of gas molecules through micropores
with adsorbed gases.

It should also be noted, as was shown in the previous chapter, that when gases such as
CO; and CHy ae present in the cod matrix, the cod swdls due to gas sorption
(Harpdani and Zhao, 1991). This sweling effectivdly causes ceat closure and
reduction in the transmissvity of the cleats.

The reaults of the four sets of experiments with different gases for cod samples from
different mines that were conducted in this research are shown in Figures 6.9 to 6.13.

It is clear from Figures 6.9 to 6.13 that the permeability of coa from North Goonyella
is greater than for the others. The order of permesbility is North Goonyela,

Dartbrook, Tahmoor, Metropolitan and the least permesability is Tabas.
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As dated above the Tabas cod samples had the lowest permesbility. A closer
andyss of the petrological compostion, as explained in Chepter 4, indicated that
Tabas cod had 70% vitrinite as well as having minerd matter such as pyrite, which is
a typicd characteridic of this type of cod. The vitrinite macerd pores were likdy to
be filled with minerd matter and pyrite, thus causng a reduction in permesbility.
Rdatively low permesbility was dso obsarved in Tahmoor samples, especidly from
the 900 area, which after Tabas had the highest amount of vitrinite and were more
than 7.8% rich in minera maiter. The North Goonydla cod samples, which had
relatively higher permesbility compared with the other samples, generdly had a
higher amount of inetinte and a gmdler amount of vitrinite This dealy
demondrates that cods with a higher percentage of vitrinite have lower permesbility
in comparison with the inertinite rich cods. It is the macropores or fractures that
provide the man flow path for the methane (Curl, 1978). According to Mahgan
(1982) the finest porosity thet they observed in vitrinite ranged from 20 to 200 A in
diameter, with the majority of pores being at the smdler end of the sze range, while
inertinite was found to be the most porous macera group and typicaly contained a
broad range of pores from 50 to 500 A. Also, Crosdale, Beamish and Valix (1998)
have clamed, on the bass of his teds that the inertinite-rich dull cods have greater
totd pore volume compared to bright cod (vitrinite-rich). Gamson and Beamish
(1992) after tests on some Audrdian cods dso clamed that dull cods have reaively
large macropores, while in the bright cods the micropores are dominant, and thus the

inertinite rich cods are better Stuated for laminar gas flow and better permestility.
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The extent of gas flow through the microstructures will be influenced by the amount
of minerd filling them, since many of the cleats and pores are commonly blocked by
minerd matter such as pyrite and calcite, which redtricts the area for the gas to pass

through.

The tedts in this research showed that in al cases except the Tahmoor 900 pand
samples, the dull cod samples (with a higher percentage of inertinite) had a higher
permegbility than bright cod (vitrinite-rich). With the exception of Tahmoor 900
pand this is in generd agreement with the results of the tests on various Audrdian
cods that were conducted by Lama and Mitchdl (1981). Similarly Creedy (1991)
found that the grester the inertinite group content in cod the faster the coal degassed.
In comparison, however, Clarkson and Bustin (1997) suggested that the permesbility

of Canadian coal increases with increasing vitrinite content.

6.3.4 Effect of loading stress

The tet results were dso used to invedtigate the reaionship between cod
permesbility and confining gas pressure under various axid loads. Figures 6.14 to
6.17 show the experimentd results for average change in permesbility of al samples
from Dartbrook with variation of axia load and gas pressures for different kinds of
gases. From Figures 6.14 to 6.17 it can be seen that the permesbility of coal to
methane is reduced exponentidly by increasng the load, irrespective of gas type.
Furthermore not only is the permesbility of cod very dress dependent, it is aso
dependent on the mean gas pressure so that by increasing the mean gas pressure up to

3 MPathe permesbility was decreased.
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Figure6.14  Dartbrook cod permesability under different CO, gas pressures and
various axia stresses.
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Figure6.15  Dartbrook cod permesability under different CH, gas pressures and
various axia stresses.
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6.4 MODELLING THE FLOW OF GASFROM COAL CORES

A numericd moddling study was underteken to illudrate the influence of dress:
dependent permesbility on gas release and transportation. This work was undertaken
by usng the data obtained from the permesbility tests conducted to determine the
effect on permesability of applied vertica loads and different gas confining pressures.

The basic objectives of the numerica modeling study were:

to compare the changes in gas pressure in the coa matrix due to changing
permeshility;
to illugrae the influences of differert gas environments on gas pressure

gradient in the cod matrix.

6.4.1 M odelling procedure

The flow of gas in cod takes place under two sSmultaneous and parale processes,
Fck's diffuson and Darcy's laminar flow. Fick's diffuson takes place manly in the
micropore system whereas Darcy’s flow occurs in the macropore channds and
fractures.

For an isothermd system, the study of gas flow in porous media is based on a mass

ba ance equation (Wu, Pruess and Persoff, 1998):

~ qr
N f—-= 6-3
Xru) + 1t (6-3)

where:
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r = Gasdensty, kg/n?
u=  Darcy veocity of gas phase, m/s

f =  Formation porosty, dimensonless

Also, Dacy's law can be usad to invedigate a sngle viscous fluid flowing through
the porous medium. Darcy’s law defines the rdation between the flux of the fluid

through the cod (medium) and the pressure gradient of the fluid:

w=- Xfp (6-4)
m
Where:

k= Permeability, Darcy
nm = Dynamic viscosty, centipoise

P= Pressure, Pa

By consdering gas as an ided fluid, the following equation can be used:

PV=nRT (6-5)
M

= 6-6
v (6-6)
M m

r =——P 6-
— (6-7)

hence

161



CHAPTER SI X: Theeffect of gas pressure and axial stress on coal permeability

n = Thequantity of gas, moles

Universd gas congtant, nt Pa/mol K

Py
I

—
1

Temperature, K
V = Volume n?
M = Mass, kg

M,= Molecular mass, kg/mole
The result of combining of equations 6-1 and 6-2 will be:
A nf P
NXPN P) = —(—
APN P) =260

which can be written as.

(6-8)

(6-9)

Let Pmax equa the laterd hydrogtatic confining pressure gpplied in the gas pressure

chamber containing the cod, and assuming that a the inner surface of the centraly

drilled hole in the middle of samples the pressure was congant (amospheric

pressure), then it can be shown that gas pressure is only a function of time and the

digance of the point from the inner hole axis (z axis). By usng cylindricd

coordinates, Equation (6-9) will be in the following form.

12 2, 11 o nf 1 2
—— P(r,t)> +=—P(r,1)* = —P(r,t
r? (.0 +r‘ﬂr "9 kP(r,t) it (.0
r= Radius of core, m

t= Time s
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Equation (6-10) may be written in the following compact form:

1ﬂ P(r,t)2 m 1

2 -
2 qinry? kP T Y (6-11)

For optimisng the computer efficiency, only dimensonless quantities, and not the
exiding red quantities for pressure and digance from the inner hole axis (A-A) were

used in the above mentioned differentia equations:

P ®pe
Pmax
Tore
rCJ
P¢= Dimensonless pressure P = Inlet pressure, Pa
r (= Dimengonless radius r, =Radius of hole, cm
ep? 0 ep2 0 e p? 0
P18 1> T
&Prax g, P2 1 &Pnxg_ nf P2 &PA
max @ 4 _Max max 9 _ max max ﬂ (6-12)
o r< s¢ 0 &0 ae P 0 It
roza?[r_g T o= P —Fmax
I, g ro g lo g max @
2  q2pR0 0 2 el 0
P 1°PF _+8&P e 1 PPEQ_anfpy a & 'npcl?i 613)
groz ﬂr(I?B érz r¢ﬂr¢‘ g <PC 1t p
‘HZPCI? 1 P¢ _anf r” 1 IPE 0 (6-14)
fr@  reqre gkpmax 27; mt 5
Defining
2
L (6-15)
KP o
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then:

1°P¢  19P€ _t TP¢
& reqe  Pe gt

(6-16)

By dividing the radid distance between inner and outer surface of cod sample a an
arbitrary z-component to “n” equa pats by n +1 points, Figure 6.18 can be

developed.

Figure6.18  Timerdated divison between inner and outer surface of cod sample

By dividing the distance of “i'™ poaint from zaxis it could be found that:

r=r, +(i-1)Dr
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The dtuation in the system is being conddered a incrementd time steps, with each
step equal to Dt. In “j” time steps ( = jDt), for gas a a point with r = r;, the pressure
will be defined by P (r;, tj). For smplicity, P2 (ri,tj) could be replaced by Y(i, j), and

for the above it classfication can be written.

Y o 16¥i+24)- ¥(i.j) , Y()- Y(i-2i)u (6-17)
r 28 Dr Dr H
%;C>E%ﬁvc+ln-vo-1jﬂ (6-18)
then:

1Y o 1ev(i+1j)-v(i.§) Y6i)-Yi-1ju i
qr2 ® Dr & Dr Dr H (619
% 1 1o . - S

‘|1r_2® F[Y(' +1j)- 2¢(i, )+ Y(- 1 j)] (6-20)
aso:

¥ o Y0.i+1)- Y(.j) (6-21)
it Dt

By subdtituting from Equations (6-18), (6-19) and (6-21), it will be found that:

a gﬂ_22+11\(3><\/7 =Y (6-22)
amr? rfr g it

Where

a:% (6-23)

Then:
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al oY+ 0)- 2V ) vl L a2 ) YE- j)]?%'
- W)=Yl +1gt- ¥(i. i) (6-24)

b Y(i,j+1)=a Dt-/Y(, ) \ié[Y(i +1,j)- 2(i, j)+Y(i - 1, )]
(6-25)

(G +10)- Y- 1) +1(i _ 1D))§+Y(i, )

Theinitid and boundary conditions are as follows:

fort=0:

. £r<RP P=0
{f=RP P=P,
Andfor dl t3 O:
r=r.bp P=0
r=RP P=PB;x
Because the initid vaues and the boundary conditions are completely specified, the
differentia equation can be solved by using a numerica method.

Figure 6.19 shows how different vaues of pressure in various places at each time step

is being determined with regard to the quantities or pressures in different time steps.

166



CHAPTER SI X: Theeffect of gas pressure and axial stress on coal permeability

i, i+1

Ii,j'l

Time steps —

ii—1, 4 41,01

Displacement —

Figure6.19  Determining gas pressure at any point and each time step taking into
account the quantities in its neighbourhood at the previous time step.

Table 6.3 shows the modd generd input, these inputs were smilar to the tested cod

samples.

Table 6.3 Modd input

Basic parameters of the model

Cod sample height, mm 50

Coa sample diameter, mm 50

Diameter of inner hole, mm 6

Inlet gas pressure, MPa 05-1.0-15-20-25-30
Outlet gas pressure, MPa Atmospheric pressure
Axid load, kg 100 - 500 — 750 - 1000
Porosity, % 2 (congtant vaue)

The modd responds to the changes to input vaues of any or al of the following

parameters:

Stress related permeability

Applied inlet gas pressures
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Dynamic viscosty of tested gas
Sample length and diameter
Hole diameter

Porosity of coal matrix

Udng the data, obtained from permesbility tests and the viscosty vaues for each of
CHa, CO;, CH4/CO, and N2 as 0.0112, 0.0155, 0.0131 and 0.017 centipoise,
respectively (Lide, 2000 and Jones, 2003). The gas flows through the cod matrix for
four different axia loads were smulated Figures 6.20 to 6.23, shows that the increase

in axid load has a detrimentd effect on the passage of gas through the cod

méatrix.
1.2 7
Methane Outer surface
1 <« Of
S —100kg —500kg sample
50.8‘ ——750kg 1000 kg
S
E 06 1
o
§%)]
g 04 Hole A
o
0.2 —/—\
HO|eA T T T T T T T 1
1 2 3 4 5 6 7 8 9

Dimensionless radius

Figure6.20 Mehane gas radid flow through the cod sample a dimensonless
pressure and dimendonless digance as a function of different axid
loadsin 0.1s duration.
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1 2 3 4 5 6 7 8 9
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Figure6.21  CO, radid flow within a cod sample and dimensionless pressure at
dimensionless distance as afunction of different axid loads, in 0.1s.
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Figure6.22 CO, / CHy radid flow within acod sample and dimensionless pressure
a dimensonless digance as afunction of different axial loadsin 0.1s duration.
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Figure6.23 N radid flow within acod sample and dimensionless pressure a
dimengonless distance as afunction of different axia loadsin 0.1stime.

As shown in Figures 6.20 to 6.23, the hydrogtatic pressure around the outer surface of
cod is obvioudy the highest and it is reduced gradudly as the distance is reduced
towards the inner hole wal. This is exactlly wha will occur in redity and
demondrates the vadidity and effectiveness of the mode in smulaing the red time
pressure gradient across the cod sample radius. Increases in axid load will cause a
reduction in the permegbility for gas passng through the media For each sample a
lower axid loads the Darcy velocity of the gas phase will be higher, thus gas passing
through the media will be faster and a quas Steady Sate flow and gpproximate
saturation of gas in the pores will be achieved sooner. Congidering the mass baance
equation (6.3), & any applied axiad load and for each sample, the pressure gradient
and the radid vdocity of the gas will be higher in the inner layers of the media

(closer to hale) in aquas steady state flow.
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In the second series of RUNS, al conditions were maintained constant and results
were plotted for different times. Results from RUN 2 are plotted in Figures 6.24 —
6.27. As can be seen, the order of gas rdease from hole “A” is in fair agreement with
the behaviour of those gases in the laboratory tests. Nitrogen and methane reach the
outlet during the firg few moments, however, this time increases for the other two
gases, CO, and CH4/CO,. After initid gpplication of the inlet pressure and in the fird
geps of the flow process, gas will try to occupy the pores while it is passng through
the coal media. Then, the pressure of gas in pores will increase until an gpproximatey
saturated Situation occurs and achievement of a quas seady date flow through the

cod mediais reached.

127 Methane
Outer surface
(O] 1A <+«— of
z coal sample
0
=
o]
§0)
o)
S
a HoleA
1 2 3 4 5 6 7 8 9

Dimensionless radius

Figure6.24  Radid flow within a coad sample and dimendonless pressure a
dimengonless distance as a function of time and axia load 100 kg
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Figure 6.25 Radid flow within a cod sample and dimensonless pressure a
dimensionless distance as afunction of time, and axia load 100kg for COs.
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Figure6.26  Radid flow within acod sample and dimensionless pressure a
dimengonless distance as afunction of time and axia load 100 kg for CH,/COs.
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Figure6.27  Radid flow within acod sample and dimensionless pressure at
dimensionless distance as afunction of time and axid load 100 kg for No.

In the last series of RUNS the gas environments were changed while the uniaxid load
and gas pressure were congtant a any given time. As can be seen from Figures 6.28
and 6.29, methane and nitrogen reached the inner hole in a much shorter time than
carbon dioxide and the CH4/CO, mixture respectively. A faster drop in pressure or
the high pressure gradient is a clear indication of the ease with which both N, and
CH,4 would flow through the cod in comparison to CO, and the CO,/CHy mix. The
molecular weight, viscosty and most importantly, the affinity of cod to gases like
CO- could be the mgjor reasons for this phenomena. Each sample with a higher ratio
of permegbility to dynamic viscosty will pass gas faster so the achievement of quas

seady date flow will be naturdly fagter for that sample.
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Figure6.28 Radid flow within a cod sample and dimensonless pressure at
dimensonless distance as afunction of gas environment after 0.1 second.
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Figure 6.29 Redid flow within acod sample and dimensionless pressure at
dimensonless distance as a function of gas environment after 1 second.
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6.5 CONCLUSIONS

The MFORR apparatus has been demondrated to be a reliable tool for conducting

permeghility testing of cod under different gas pressures. The unique feature of the

rig is the ability to goply a verticd load on the sample while it is confined under a

specified gas pressure. The permesbility of cod:

depends on the gpplied dress, paticulaly when the load is agpplied

perpendicular to cod layering or lamination,

Is influenced by the gas type and pressure.  Greater gas permesbility was
obtained in N2 gas, and the lowest permeability was obtained in a CO,

environment. The sorption characterigtics of CO, gasisamgor factor

Is reduced exponentidly by increesng the gpplied load and dso by increasng

the confining gas pressure, irrespective of the gastype.

in various gases is exponentidly reduced a different rates. Lower
permesbility values were obtaned for cod in CO, gas, and the highest

permesbility occurred in N gas.

The numericd modd provided an opportunity to quantify the flow rae in
cod. The amulation of different gases flow characteristics in cod supports
the experimentd results as demondrated in this chapter. The numericd
modd developed in this thess would have an immense potentid for future

gpplication to indtu cod gas drainage rate estimation.
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CHAPTER SEVEN
CASE STUDY AND OVERALL

DISCUSSION OF RESULTS

7.1 INTRODUCTION

This chapter will present a case sudy and an overdl discussion of the findings
presented earlier in this theds with the intention of comparing the generd rdations
found through the different stages of this research. The case study will be based on
Tahmoor Colliery, where cod drinkage, permesbility and cod petrography
techniques have produced data that permits a better understanding of the gas regime
in this mine The realts are important to the further underganding of the inter-
relationship between gas flow, the cod matrix and permeability in what is congdered
to be ‘norma’ and ‘tight’ cod (locally referred to as disturbed cod), the latter being

cod that degases dowly compared to norma cod.

7.2SITEINVESTIGATION

A programme of dte dudies were underteken to relate the changes in geologicd
conditions to gas Storage characteristics of the cod. Core samples were collected
from two different locations in Tahmoor mine (Figure 7.1). Two areas, which were
identified for the study, were designated as 800 and 900 locations. The geology of

the Bulli cod seam in the area of 800 pand, from where the ‘normd’ cod in terms of
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drainability comes, could be described as benign, with normd conjugate cleat sets
and no adverse geologica dructures and thus the mining conditions were considered
as favourable. The 900 pand on the other hand was in a difficult to drain area. The
900 pand could be described as being geologicdly disturbed, with sgnificant
dteration of cod cleat directions cdcite infill into the matrix Sructure, readily seen
near the top of the seam, mgor geologicad dructures such as thrust faulting of
nomind sSze, as wel as igneous dyke activity. Mining conditions were therefore not
favourable, and a times the mine resorted to the grunching (drill and blast) method of
heading development, paticularly in areas where the gas content levels were greater
than the dlowable threshold limits as st by the Department of Minerd Resources

(New South Wales, Audtrdia).

Sampling
Igcations
I 20 D

| I —— — —

LRI IV L gy

intruson

Figure7.1  Tahmoor cod mine
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From the above it is obvious that there exig dgnificant differences in the
permesbility of the cod from one area to the other. In practicad terms, this difference
manifess as a reative difference in gas content after in seam drainage, if an overdl
inseam drainage time of 2-3 months is assumed. Table 7.1 shows the ingtu gas

content and composition around the 800 and 900 pand after drainage.

Table 7.1 Gas content and compaosition around 800 and 900 pandl s after inseam
drainage (Bruggemann, 2005).

Panel Number Total Methane Carbon Dioxide
(n/tonne) (%) (%)
900 11.1 20.4 79.6
800 4.48 6.5 93.5

Of ggnificance one the 900 paned samples which come from adjacent to the thrust
fault and aso from a nongructured area, both of which have sgnificantly dtered and
minerdised cod. In its amplest terms, the 900 series cods had lower permesbility
compared to the 800 series cod, as shown in chapter 6 and again will be shown, later.
The progranme of sudy undertaken to examine the parameters affecting the gas
drainage capability of the cod from both locations included an andyss of the gas
content and gas composition, as wel as determining the shrinkage and permeshility

characterigtics of codl.
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7.3 COAL PETROGRAPHY TESTS

After the experimentd testing each sample was crushed to -2 mm and a
representative sub sample mounted in polyester resin to form a block. Each block was
cut in haf perpendicular to any dendty separation, and the cut face from one of the
haves polished. The maceral compodtion of esch sample was determined by the
method outlined in the Audrdian Standard AS2856.2-1998: Coad Petrography —

Macerd Analyss. Macerd analyses for the samples are given in Figure 7.2.

100 7
90
ETAH 7 (800) @ TAH 8(800)
807 ETAH 1 (800) B TAH 4 (800)
70 7 BTAH 5 (800) O TAH 2 (900)
60 - OTAH 9 (900) OTAH 3(900)
R 50 A
40 A
30 T
20 T
] 1 |
0 r r I B ) r .

Vitrinite Inertinite Liptinite Mineral matter

Figure7.2 Macerd andyses of cod samplesused in tests

Petrographicaly, the eght samples have smilar organic components with vitrinite
contents ranging from 56% to 78 %, inetinite from 18% to 32% and negligible
liptinite. However, the minerd contents of the samples are quite different. All of the
900 pand cods have a higher minera content than the 800 pand cods, while two in

paticular contan a dgnificantly higher minerd content. In each of the three samples,
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cabonate and clay filled the cdeas and dso some of the pores in the inertinite
macerds. If the minerd content and species is common for the cod as a whole in 900
pand, the permesbility and degassing problems associated with this paned can be

explained in terms of petrography.

7.4 SHRINKAGE TESTS

Eight samples were tested for shrinkage, five samples were tested from 800 panel and
three from 900 pand. Figures 7.3 and 7.4 show the incremental change in volumetric

strain corresponding to the progressive reduction of gas pressure in the cod samples.

Carbon dioxide

900 Panel

__________ 800 Panel
TAHS5

TAH 4
TAH 1

-0.012 TAH 8
TAH 7

-0.014 T T T T T 1
0 200 400 600 800 1000 1200

Time, min

Volumetric strain

Figure 7.3 Volumetric strain for CO, and pressure reductions at increments of
0.5MPa
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0.0005 7 CH,

3 Panel 900

Panel 800

Volumetric strain

-0.003 T T T T T 1
0 200 400 600 800 1000 1200

Time, min

Figure 7.4 Volumetric strain for CH,4 and pressure reductions at increments of
0.5 MPa

It can be seen tha the volumetric change for 800 pand samples was consigently

higher than that for the geologicaly disturbed 900 pand.

/5 PERMEABILITY TESTS

Full andyss of Tahmoor permesbility tests was provided in Chapter 6, this section
concentrates only on a direct comparison between 800 and 900 pands. The results
show a marked difference in permesability between the 800 and 900 pand cods. The
difference in permesbility between 800 pand and the 900 pand cod for each of
carbon dioxide and methane (Figures 7.5 and 7.6) is quite significant, with 800 pand
having approximately three times greater permeability when compared to the 900

panel coals.
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Figure 7.5 Permeability of samples from 800 and 900 panes to carbon dioxide at
different axid loads.
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Figure 7.6 Permeability of samples from 800 and 900 panels to methane at
different axid loads.
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7.6 TEST RESULTSAND ANALYSIS

Results of the petrography tests on Tahmoor coa samples are summarised in the
Figures 7.7 to 7.9. Asit can be seen from Figure 7.7 the vitrinite content of coas

from panel 800 were 20% times more than coa's from 900 pandl.

100 7
90 7 8 Tahmoor (Panel 800)
80 B Tahmoor (Panel 900)
70 7
60
S 50 1
40
30 7
20 _ 1
10 N
0 , , 1 , /1 e
Vitrinite Inertinite Mineral matter Clay Calcite

Figure 7.7 The petrographica test results for Tahmoor Colliery cod samples

On the other hand the 900 samples had more inertinite than 800 cods, around 30%
more. Andyss of minerd matter indicated that the main minerds, carbonate and clay
were found more in 900 samples than 800 cod samples (near 7 times as much). It
may be noticed that there is not much difference between vitrinite vaues for the two
pands, therefore the minerd matter and inertinite content (as a result of the contained
mineral maiter) is influencing the permesability and shrinkage characterisics of cods

from the two panels.
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CHAPTER SEVEN: Case study and overall Discussion of results

Figure 7.8 illudrates that the shrinkage of Tahmoor cod samples increased 5 fold by
changing the gas environment from CH, to CO,. The €effect of changing the tested gas

on shrinkage of cod can be attributed to the affinity of gasesto the cod.
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Figure 7.8 The shrinkage test results for coal samples from 800 and 900 panels
(Tahmoor Colliery) under different gas environments.

The indtu gas drainage flow raes in the mine were (Bruggemann, 2005) between 0.1

I/m to 8.67 I/m (average around of 2 -3 I/m) for 800 pand, and in the range of 0.8 I/m

and 2.6 I/m for 900 pand. From indtu observations and analyss of the flow rates

from 900 pand it was apparent that CO, being dissolved in water results in lower

cod matrix shrinkage and less drainage rates in comparison with 800 pand.

With the greaster volume change occurring in 800 pand, the experiment clearly

demondrates that cod in this region has a greater capacity for inseam gas drainage

than that of 900 pand, exactly what was experienced by the mine drainage system.
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CHAPTER SEVEN: Case study and overall Discussion of results

The 900 panel was congdered to be a ‘difficult to drain’ area as it was highly stressed
due to geologicd dructures. After indigation of inseam drainage, the effective dtress
will change by a lesser magnitude as does the pore pressure, but not to the extent that
free flowing drainage could be achieved. Unlike in the 800 pand aea, which has
shrinkage nearly twice that of the 900 pane area, this causes good drainage and
greater change in effective dress from pore pressure is envisaged, paticularly in the
CO; environment.

The permeability tests results (Figure 7.9) for both carbon dioxide and methane show

that the 900 panel cods have much lower permesbility than the 800 pand codls.
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3.00E-04 T 0 Tahmoor (Panel 800)
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2.50E-04 A
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CO2 CHa

Figure 7.9 The permegbility test results for 800 and 900 panels coal samples
(Tahmoor Colliery) under 100 kg axid load and 0.5 MPa gas pressure.

Snce pemedbility is a function of a number of paramees including sze
digribution and frequency of cleats, any phenomenon that reduces clest porosty will

decrease permedhbility. Given that 900 pand cods contain a much higher minerd
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matter content than the 800 panel cods, and dso have the lowest permesbility, it is
suggested that the reduced porosity of the 900 pand codls is due to the infilling of the
cleats with carbonate. The reduced permesbility adso explains why the 900 pane area
is much harder to drain. The carbonate and clay infilled cleats redtrict the movement
of gases from the surrounding cod to the gas drainage holes. This is in agreement
with the Titheridge (2004) explanation for the low permesbility of Tahmoor cod
samples, as dtated in chapter three section 3.4.3. Also from Figure 7.9 it can be found
that the permeability of 800 cod samples to CO, were near 16 times more than 900
samples however this ratio was decreased to 4 by switching the tested gas to CHs. In
chapter 6, andysis of the results suggested that inertinite rich cod would show better
drainability characterigics than those that were vitrinite rich. This hypothess,
supported by the work of the Crosdale (1998), Gamson and Beamish (1992), (Curl,
1978) and Creedy (1991), but not by the work of Clarkson and Bustin (1997), is
generdly accepted for Audrdian cods. Andyss of Figure 7.7 to 7.9, however, does
not support this view, as the inertinite rich cods of Tahmoor 900 pand are more
difficult to drain than the vitrinite rich cods of 800 pand. Thus it can be concluded,
that dthough under ‘normd’ circumdances, inetinite rich cods have higher
permesbility, when loca dteration takes places (such an increase in minera content)
the oppodte may occur. This is the dtuation for Tahmoor 900 pane, where a

locdlised intrusion caused significant dteration to the cod in that immediate area
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7.7 SUMMARY AND OVERALL DISCUSSION

This results of the petrographic tests demonsrated that the Tabas and Tahmoor coa
sanples had the highest amount of vitrinite, while the North Goonydla and
Dartbrook cod samples had higher inertinite contents when compared to the other
cod samples (Figure7.10). Also from this experimentation the highest amount of

minera matter was found to be approximately 20%, and beonged to the Dartbrook

cod samples.
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Figure7.10  The composition of al tested coal samples

By obsarving the data from cod shrinkage tests, it was demondrated that under the
same tesing conditions adl samples showed higher dhrinkage in a CO, environment

than a CH, environment.
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CHAPTER SEVEN: Case study and overall Discussion of results

Based on andyss of the data shown in Figures 7.10 and 7.11, it can be concluded
that, in generd, with increesng inetinite content of cod the volumelric dran

increases, however the rdative increase for CH4 was less than that CO..
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Figure7.11  Average volumetric grains for tested cod samples.

On the other hand, an increase in the vitrinite content causes a decrease volumetric
drain, but this relative decrease is dgnificantly less for methane than that for CO..
Figures 7.12 and 7.13 show that the above rdationship is the same for permeability. It
should be noted that this behaviour was not observed for al coa samples, Tabas cod
was an exception. Tabas cod tests had one of the highest amounts of minera matter,
which was mogdly pyrite (Fazl, 1990). The explanaion for differing with other
samples could be that the minerd matter infills the macropores of the cod matrix and
causes the pores to become abandoned, resulting in less shrinkage, however as

mentioned before, because of the smal molecule sze the methane could reach to
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Figure7.12  Permesbility of tested cod samplesto methane.
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micropore sructure of cod and cause a high amount of dwinkage for methane
desorption. It should be consdered that it is possble for a cod sample to have
relatively good permesbility to methane (North Goonyela) but if the dominant gas is
cabon dioxide, there isn't any guarantee that the cod ill demondrates a good

drainability characterigtics.

7.8 CONCLUSIONS

The materid reported in this chapter has demonstrated the degree of influence factors
such as gas type and pressure, and in paticular cod compostion have on
permeability dependent on gas type and pressure. Carbon dioxide gas appears to
cause the highet volume change. This is understandable in view of the fact that cod
has higher affinity for carbon dioxide gas than the other gases tested.

Cods in the 800 locdity have higher shrinkage coefficients than those obtained from
the 900 area, suggesting that 800 area is more easly drained in comparison to 900
area. Permeability and petrographic data, as wel as previoudy reported shrinkage
results, confirm that the coas from the 900 and 800 pand area are markedly different.
This has had consequentia results for the effidency of the mining cycle in these two

aress of themine,
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CHAPTER EIGHT

CONCLUSIONSAND RECOMMENDATIONS

8.1 CONCLUSIONS

A number of important parameters have been identified which have a direct influence
on the proneness of coad to outburst. Coad compostion and abnorma geologica
conditions, as well as the dress regime are some of the factors which require careful
atention for effective control of outburst. Accordingly, a series of experimenta
laboratory studies were undertaken and the findings were further enhanced with
numericd moddling. The following paragraphs describe the main conclusons drawn

from this research study.

Literature survey

Outburgts of gas and cod have been a progressvely increesng phenomenon in
recent times, and therefore research on ways of combating this problem is

warranted both in the laboratory and in the field.

Effective planning of the mine gas drainage sysem can be facilitated by a clear
underganding of the factors that influence the sorption and pressurisation of

cod gases. Underdanding the effect on the permesbility of cod to different cod
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gases and the changes in the cod matrix due to gas pressure plays an important
role when planing an effective gas drainage programme.

Carbon dioxide has a greater destructive effect in cod when compared to other
cod gases. This is atributed to the greater amount of CO, generdly adsorbed in
cod and the high rate of desorption. CO, causes a reduction in coa strength, it
has high viscosty, and has a lower diffuson rate and higher free pressure

gradient than other gases.

Increasing the area of cleats and joints affects the permesbility of cod much

more than factors causing volumetric strain changesin cod.

Experimental investigations

From the experimental work it can be concluded that:

The MFORR apparatus was demondgtrated to be a reliable tool for conducting
permesbility testing of cod under different gas pressures. The unique festure of
the rig is its ability to goply a verticd load on a sample while it is confined
under a specified gas pressure.  The incorporation of sdective capacity flow
meters into the system provided the appropriate tools for effective monitoring of

gas flow through the cod samples.

The petrographica tests showed that most of the Audtrdian coas tested were

ingtinite rich cods The mingd mater in the Audrdian cod samples were
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mostly carbonate (cacite) and clay, but the Iranian Tabas cod had pyrite as the

dominant minerd meétter.

Volumetric drains during the adsorption dage in dl gas environments were

greater than the volumetric strains in the desorption stage.

The level of cod shrinkage was affected by the type of gas desorbed. Carbon
dioxide gppears to have the greatest influence on the matrix and nitrogen the
least. This is undergtandable in view of the fact that carbon dioxide has a greater
affinity to cod than the other gases. As well as the magnitude of shrinkage, the
rate of shrinkage was dso found to be influenced by the type of gas and the
goplied pressure. The cod samples from dl of the mines showed smilar
behaviour, with Metropolitan cod samples having a greaster average rate of

shrinkage than the other cod samples.

The permesbility of cod depends on the level of dress that is applied
perpendicular to the cod layering or lamination. The permesgbility of cod was
aso influenced by the gas type and pressure.  Grester gas permesbility was
obtaned in N2 gas, and the lowest permegbility was obtaned in a CO,

environment. The sorption characterigtics of CO, gas are amgjor factor

The degree of cod permesbility is reduced exponentidly by increesng the
gpplied dress and dso by increasing the confining gas pressure, irrespective of
the gas type Smilaly, the pemesbility of cod in vaious gases is

exponentialy reduced at different rates.
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For effective research and a better understanding of cod drainability, it is vitaly
important that due attention be paid to cod compostion and in particular to the

minera content, as well as any other geologicd factors.

Tahmoor cods from 800 and 900 Pands showed that the permesbility of cod
was influenced by the minera content and the carbonates, as well as by the
cavities. In particular, there was a reduction in cod permesbility with increasing
minerd content (other than inertinite) and carbonate content of the codl.
Generdly, with an increase in the percentage of inertinite, the permesbility of
cod increased. Likewise, any incresse in cavities and fractures caused an
increase in the permesbility of cod. Naturdly the permesbility rates were
dependent on the coad composition and geologica conditions of the cods tested

from different development pandls under investigation.

Tahmoor 900 Pand produced an exception to the increasing inertinite,
increasing permesbility rule. In this area increasng inertinite caused a reduction
in permesbility, the result of minerd matter filling up the inertinite macropores.
This locdised varidion to the rule, was caused by dteration of the cod as a

result of an igneous intrusion.

A numericad modd was developed to smulate single gas flow through cod. The
numericdl Smulation provided an opportunity to quantify flow mechanism in
cod. It was possble to smulate the flow duration across the cod samples with

different gases and coa type. Gases in generad permeated at a much faster ite

194



CHAPTER EIGHT: Conclusions and recommendations

through cod in the 800 Pand than in the 900 Pand. Naturdly, the flow time

was different for different gases and gpplied verticd dress.

The numericd modd developed in this thess would have condderable potentid
for future goplication to in-Situ coa gas drainage rate estimation and outburst

risk assessment for improved mine safety and productivity.

8.2 SUGGESTIONS FOR FURTHER RESEARCH

This research has provided a comprehensve understanding of some of the important
factors that influence outburst phenomena, such as permesbility, shrinkage and the

compoasition of cods, but there is till scope for further research in thisarea,

The method of anadysng the permesbility, shrinkage and compostion of cod
represents a promisng technique with great potential for use in the laboratory
and in the field to provide a bads for the prediction of cod and gas outburds as
wel as the drainability of a cod seam wdl in advance of mining the cod. It is
recommended that use of these techniques be used for indication of potentid

outburst prone zones.

Further studies on cod shrinkage and permeability are recommended to include
teting of different cods usng different gases under different axid loads a
various gas pressures. A database should be established and maintained for the
benefit of future research. Also it is suggested that the additiond data can be

used in the present numerical modd for further analysis.
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The proposed programme continuing from the study reported in this theds
should be extended to fidd Studies. By using the numericd modd, better

understanding of the flow of gas from drainage holes can be achieved.

Modifications need to be made to the gas chamber and bombs so that testing
can be conducted under higher pressures (more than 3 MPa), thus maximisng
the ability of the equipment for doing teds on different cod samples from

different mines under actua conditions.

Egablishment of a time-reated index for different cods and gases, based on
both the experimental and numerica studies. These indices can then be used to

categorise coas for outburst proneness even prior to mining.

196



References

REFERENCES

Ayruni, A. T. (1981). Theory and practice of mine gas control at degp mines, Nedra
press, (Trandated into English by Rockville, Maryland, USA), 355 p.

Aluko, N. (2001). Coalbed methane extraction and utilisation, Technology <tatus
report 016 August 2001, Department of Trade and Industry, UK.
http: //mwwww.dti.gov.uk/ener gy/coal/cfft/cct/pub/tsr 016. pdf

Ates, Y. and Barron, K. (1987). The effect of gas sorption on the strength of cod,
Mining science and Technology, Val. 6, pp. 291-300.

Audibert, E. (1935). Ann. min., Paris series 13, Val. 8, pp. 225(as cited in Moffat and
Weale,1955).

Audibert, E. (1942). Ann. min., Paris series 14, Vol. 1, pp. 71( as cited in Moffat ad
Weale,1955).

Aziz, N. |. and Ming-Li, W. (1999). The effect of sorbed gas on the strength of cod-
an experimentad study, Geotechnicd and Geological Engineering, Vol. 17, pp. 387-
402.

Baker, C. E. (1991). Implications for organic maturation studies of evidence for a
geologically rapid incresse of vitrinite reflectance at pesk tempraiure Cerro Prieto
geotherma  system, Mexico, American asociaion of petroleum geologists Bulletin,
Vol. 75, pp. 1852-1863.

197



References

Bartosewicz, H. and Hargraves, A. J. (1984). Gatdog of gas properties of Audrdian
gassy black cods., CSIRO Div. Geomech.,, AMIRA Project 82/P153, Fina Report,
12 p.

Bartosewicz, H. and Hargraves, A. J. (1985). Gas properties of Austraian cod, Proc.
Augtrdas. Ingt. Min. Metal., Vol. 290, pp. 71-77.

Beamish, B. B. and Gamson, P. D. (1993). Sorption behaviour and microsturcture of
Bowen Basin coas, Codseam Gas research indtitute, 195 p.

Bishop, R. and Batino, S. (1989). Extraction and utilization of codseam methane-
The Audrdian experience, International coal bed methane symposium proceedings,
Tuscaoosa, AL, USA, pp. 107-115.

Boxho, J., Stassen, P., Mucke, G., Noack, K., Jeger, C., Lescher, L., Browning, E. J.,
Dunmore, R. and Morris, |. H. (1980). Firedamp drainage, handbook cod mining
industry in European communities, Gluckauf, Essen, Germany, 450 p.

Briggs, H. and Sinha, R. P. (1933). Expanson and contraction of coa caused
respectively by the sorption and discharge of gas, Proceedings of the royd society of
Edinburgh, Val. 53, pp. 48-53.

Bruggemann, D. (2005). Tahmoor Calliery, Ausrd Cod Pty Ltd, Persond

communications.

Brunauer, S., Emmett, P. H. and Teller, E. (1938). Journd of Amer. Chem. Soc., Val.
60, pp. 309-319.

Budtin, R. M. and Clarkson, C. R. (1998). Geologica controls on coabed methane
reservoir cgpacity and gas content, Internationa Journd of Coad Geology, Vol. 38,

pp. 3-26.

198



References

Bugtin, R. M. and Clarkson, C. R. (1999). Free gas dtorage in matrix porosity: a
potentidly dgnificant codbed resource in low rank coas, International coal bed
methane symposium, University of Alabama, Tuscaoosa, AL, USA, pp. 197-214.

Ceglarska-Stefanska, G. and Holda, S. (1994). Effect of sorption of vapours of gases
and fluids on properties of hard cod, Czeplinski, A. (ed.), Chap. 13, Academy of
mining and metdlurgy, Krakow, Poland, pp. 183-202 (as cited in Lama and
Bodzinoy,1996).

Cervic, C. (1969). Behaviour of coad - Gas reservoirs, US Bureau of Mines, Methane
Control Program Tech. Progress Report No: 10, (1967) 10p.

Chikatamarala, L., Xiaogjun, C. and Budgtin, R. M. (2004). Implications of volumetric
swvdling/ drinkege of cod in sequedration of acid gases, International coal bed
methane symposium, paper N0.435, Tuscaloosa, Alabama USA, 22p.

Clark, D. A., Batino, S. and Lunarzewski, L. (1983). Prevention and control of
outbursts by pre- drainege of seam gas a Metropolitan colliery- A review, alleviation
of coal and gas outbursts in coal mines, Lama, R. D. (ed.), Wollongong, NSW,
Austrdia, pp. 18(1- 42)

Clarkson and Bugtin (1997). Vaidion in permesbility with lithotype and macerd
compogtion of Cretaceous cods of the Canadian Cordillera, Internationad Journd of
Cod Geology, Vol. 33, pp. 135- 151.

Close, J. C. (1993). Naturd fractures in cod, in: Hydrocarbons from cod. AAPG

studies in geology No.38, Law, B. E., Rice, D. D. (ed.), Tulsa, OK, USA, pp. 119-
132.

199



References

CMG (2004). Software overview (Numerical smulators for reservoir management).

http: //www.cmgl .cal.

Conner and Shacklette (1975). Geol. Surv. Prof. Pap., USA,.574p.

Coppens, L. (1937). Ann. min., Belg series 13,Vol. 38, pp. 137(as cited in Moffat and
Wesle,1955).

Cram, K. (2002). Cod services Pty. Limited data source 2002-2003, Corrimal, NSW,
Austraia (persond communications)

Cram, K. (2003). New South Waes Cod Statistics 2002-03, Coal services Pty.
Limited data source 2002-2003, Corrimal, NSW, Australia. 58p.

Creedy, D. P. (1991). An introduction to geological aspects of methane occurrence
and control in British degp cod mines, Quarterly Journd of Engineering Geology,
Vol. 24, pp. 209-220.

Cred, J C. and Rallins, J. B. (1993). Mechanics of codbed methane production,
Conference on Coalbed methane: understanding the technology and the new

economics, London, UK, 5p.

Crodae, P. J and Beamish, B. B. (1995). Methane diffusty a South Bulli (NSW)
and Centra (QId) collieries in relation to cod maceral compostion, International
symposium - cum- workshop on Management and control of high gas emissions and
outbursts in underground coal mines, Lama, R. D. (ed.), Wollongong, NSW,
Augtralia, pp. 363-367

Crosdde, P. J, Beamish, B. B. and Vdix, M. (1998). Coadbed methane sorption

related to coal composition, Internationa Journa of Coa Geology, Vol. 35, pp. 47-
158.

200



References

Crosdale, P. J. (1999). Mixed methane/ carbon dioxide sorption by cod: New
evidance in support of porefilling modds International coalbed methane
symposium, The University of Alabama, Tuscaloosa, Alabama, USA, pp. 359-366.

Cui, X., Bugin, R. M. and Dipple, G. (20049). Differentid transport of CO, and CHs
in codbed aguifers Implications for codbed gas digtribution and compostion, The
American Association of Petroleum Geologists,, Vol. 88, No.8, pp. 1149-1161.

Cui, X., Bugtin, R. M. and Dipple, G. (2004b). Sdlective transport of CO,, CH,4, and
N2 in cods Indgghts from modding of experimenta gas adsorption data, Fud, Vol.
83, pp. 293—-303.

Curl, S. J (1978). Methane prediction in coa mines.,, IEA cod research, Report No.
ICTISTR 04, London, UK, 77p.

Czaplinski, A. (1971). Smultaneous testing of kinetics of expanson and sorption in
cod of carbon dioxide, Archivwum Gornickwa, Val. 16, pp. 227-231.

Czaplinski, A. and Holda, S. (1982). Changes in mechanical properties of cod due
sorption of carbon dioxide vapour, Fuel, Vol. 61, pp. 1281-1282.

Czaplinski, A. and Holda, S. (1985). Changes in compressive strength of sandstones
from the Nowwa Ruda Mine under the influence of the action of liquids and gases,
Archiwum Gornictwa, Tom, Val. 30, pp. 391-399.

Dabbous, M. K., Reznik, A. A., Taber, J J and Fulton, P. F. (1974). The
permeability of cod to gas and water, SPE, Vol. 14, No. 6, pp. 563-572.

De Braaf, W., Itz, G. N. and Maas, W. (1952). 3rd Congr. stratigr. Geology. Carb, pp.
51 (ascited in Moffat and Wedle, 1955).

201



References

Deitz, V. R., Carpenter, F. G.and Arnold, R. G. (1964). Interaction of carbon dioxide
with carbon adsorbents below 400 °C, Carbon, Vol. 1, pp. 245-254.

Doscher, T. M., Kuuskrag, V. A. and Hammershaib, E. (1980). The controlling
production mechanism of methane gas from coabeds, Energy sources, Vol. 5, No. 1,
pp. 71-85.

Drever, J. |. (1982). The geochemistry of naturd waters. Englewood Cliffs, Prentice-
Hall Inc., New Jersy, 388 p.

Dunn, P. G., and Alehossein, H. (2002). The development of an effective stress and
permegbility model for boreholes driven in cod for methane dranage, NARMSTAC
2002, University of Toronto, pp. 73-81.

Durucan, S. and Edwards, J. C. (1986). The effects of stress and fracturing on
permesbility of coa, Mining science and technology, Val. 3, pp. 205-216.

Durucan, S. (2003). Pore pressure dependent changes in cod permeability: The effect
of matrix shrinkage and sweling on reservior response during primary and CO;
enhanced recovery of methane, Environmenta and mining engineering research
group, The Society of Core Analyds.

http: //www.scaweb.or g/assets/symposium_2003/Wor kshop/Por €%20pr essur €%20dep
endent%20changes%20in%20coal %620per meability%020-%20S.%20D ur ucan. pdf

Eddy, G. E., Rightmire, C., T. and Byrer, C. W. (1982). Redationship of methane
content of coa rank and depth theoretical vs. observed, SPE/DOE Symposium on
unconventional gas recovery, Pittsburgh, Pa,, USA.pp.117-122.

Ellis (1953). The adsorption of gas by cod, Colliery Engineering, pp. 17-21.

202



References

Enever, J R. E. and Hennig, A. (1997). The reationship between permesbility and
effective dress for Audrdian cods and its implications with respect to coabed
methane exploration and reservoir moddling, International coalbed methane
symposium, The university of Alabama, Tuscaoosa, AL, USA, pp. 13-22

Ettinger, I. L. Lidin, G. D.Dimitiev, A. M. and Shaupachina, E. S. (1958).
Sysematic handbook for the determination of the methane content of cod seams
from the seam gas pressure and the methane capacity of coa, USBM Trandation No.
1501.

Ettinger, 1. L., Eremin, |., Zimakov, B., and Yanovskaya, M. (1966). Natural factors
influencing cod sorption properties, (1) Petrography and sorption properties of codls,
Fuel, Vol. 45, pp. 267-275.

Ettinger, 1. L. (1977). Swelling dress in the gas-cod sysem as an energy source in
the development of gas outbursts, Soviet mining science, Vaol. 15, No. 5, pp. 494-501.

Ettinger, 1. L. (1979). Swelling dress in the gas-cod sysem as an energy source in
the development of gas outbursts, Trans. From Russan, Soviet mining science, Vol.
15, No. 5, 1979, Fiziko-tekhnicheskie problemy razrabotki poleznykh iskopaemykh,
Sept.-Oct. 1979, No. 5, pp. 78-87 (as cited in Lama and Bodziony, 1996).

Ettinger, 1. L. and Serpinsky, V. V. (1991). On the state of methane in cod seam,
Mining science and Technology, Vol. 13, pp. 403-407.

Faiz, M. M. and Cook, A. C. (1991). Influence of coa type, rank and depth on the gas
retention capacity of cod in the Southern Codfiedd, NSW, Gas in Australian coals,
Bamberry, W. J. and Depers, A. M. (eds), University of New South Waes, NSW,
Augtrdia, pp. 19-29.

203



References

Faiz, M. M., Aziz, N. |., Hutton, A., C. and Jones, B. G. (1992). Porosty and gas
sorption cgpacity of some eastern Audrdian cods in reation to cod rank and
composition, Symposium on coalbed methane research and development in Australia,
Townsville, Audrdia, pp. 9-13.

Faiz, M. M. and Hutton, A., C. (1995). Geological controls on the distribution of CH,
and CO; in cod seams of the Southern Codfidd, NSW, Audrdia, Int. Symp. cum.
Workshop on management & control of high gas emission outbursts Lama, R. D.
(ed.), Wallongong, pp. 375-383.

Fazl, M. M. (1990). A summary of the reports on geology and exploration of Tabas
cod basn. Report for Nationd Iranian sted company, Ministry of mines and metas,
Iran, 154p.

Gamson, P. D. and Beamish, B. B. (1992). Cod type, microstructure and gas flow
behaviour of Bowen Basn cods, Symposium on coalbed methane research and
development in Australia, Beamish, B. B. and Gamson, P. D. (eds)), James cook
University of North Queendand, pp. 43-66.

Gamson, P. D., Beamish, B. B. and Johnson, D. P. (1993). Cod micropermesbility
and their effects on naturd gas recovery, Fud, Vol. 72, pp. 87-99.

Gamson, P., Beamish, B. and Johnson, D. P. (1996). Cod microstructure and
secondary minerdization: therr effect on methane recovery, Codbed Methane and
Coa Geology, Gayer, R. and Haris, I. (ed.), London. Geologicd Society Specid
Publication 109, pp. 165-179.

Gan, H., Nandi, S. P. and Walker, P. L. Jr. (1972). Naure of the porogty in American

cods, Fue, Val. 51, pp. 272-277.

204



References

Garner, K. (1999). Mine gas exploitation a Appin and Tower collieries, New South
Waes, Audrdia, The Audrdian Inditution of Mining and Metdlurgy, Vol. 108, pp.
A212-A217.

Gash, B. W,, Volz, R. f., Potter, G. and Corgan, M. (1993). The effects of cleat
orientation and confining pressure on cleat porodty, permesbility and reative
permegbility in cod, International coalbed methane symposium, The universty of
Alabama, Tuscaloosa, USA, pp. 247-255.

Gil, H., Swidzinski, A. (1988). Rock and Gas outbursts, Politechnika Slaska, Skrypty
Uczelniane, no.1366, Wydanie II, Gliwice, Poland. 492p.

Giron, A., Pavone, A. M. and Schwere, F. C. (1984). Matemathicad models for
productiion of methane and water from cod seams Quarterly review of methane
from cod seams technology, Vol. 2, Gas Research Inditute, Chicago, lllinois, USA,
pp. 19-34.

Gluskoter, H. J, Shimp, N. F. and Ruch, R. R. (1981). Cod andysis, trace elements
and minerd maiter, Chemigtry of cod utilization, Elliot, M. A. (ed.), New York, pp.
369- 424.

Gould, K. W., Hargraves, A. J. and Smith, J. W. (1987). Variation in the composition
of seam gases issuing from cod, Bulletin proceedings of Audrdiasan inditute of
mining and metalurgy, Vol. 292, No5, pp. 69-73.

Gray, 1. (1987). Resarvoir engineering in coal seams Partl- The physica process of
gas storage and movement in cod seams.

http: //www.sigra.com.au/ppr resengl.htm.

Gray, I. (1995). Stress, gas, water and permesability - ther interdependence and
relation to outburdting, International symposium - cum- workshop on Management

205



References

and control of high gas emissions and outbursts in underground coal mines, Lama, R.
D. (ed.), Wollongong, NSW, Australia, pp. 331-334.

Gray, . (2000). Determining gas production characteristics of coal seams.

http://mwww.sigra.com.au/ppr_csgdet.html.

Gregg, S. J and Sing, K. S. W. (1967). Adsorption, surface area and porosity, T
Edition, Academic Press, London, 371 p.

Gregg, S. J. and Sing, K. S. W. (1982). Adsorption, surface area and porosity, 2
Edition Academic press, London, 303 p.

Guney, M. (1975). Invedtigation of methane in carboniferous rocks, Journd of the
Mine Ventilation Society of South Africa, Vol. 28, No. 7, pp. 101- 111.

Gunter, J. (1968). Investigation of the relationship between coa and the gas contained
in it, Revue de I'Industrie Minerde, Vol. 47, No. 10, pp. 693-708 (French). SMRE
trandation No. 5134.

Gurba, L. W. (2002a). Microscopic studies of low permesbility cod, In: "Outburst
and gas drainage workshop", Hanes, J., Audtralian cod association research program,
pp. 53-67

Gurba, L. W. (2002b). Gas migration in cod on the microscopic scale, In: Gas and
cod outburs committee haf day seminar, NSW Depatment of minerd resources,
Wollongong, NSW, Audtrdia,

Gustkiewcz, J. (1985). Deformation and falure of the Nowa Ruda sandstone in a
three-axial date of dress with gas under pressure in pore, Archiwum Gornictwa,
Tom, Vol. 30, pp. 401-424.

206



References

Hanes, J, Lama, R. D. and Shepherd, J. (1983). Research into the phenomenon of
outbursts of cod and gas, 5th Int. Cong. Rock mechanics, Mebourne, ISRM, pp.
E79-E85

Hargraves, A. J. (1963a). Some variations in the Bulli seam, AusMM, Vol 208, pp.
251-283.

Hargraves, A. J. (1963b).Instantaneous outbursts of coa and gas, Mining department
for the degree PhD, Universty of Sydney.

Hargraves, A. J. (1966). Occurence, investigation and control of instantaneous
outburst of cod and gas in Audrdian mines, International congress on problems of
sudden outburst of gas and rock, Leipzig, Germany.

Hargraves, A. J. (1983). Ingtantaneous outbursts of cod and gas, a review in the
proceeding, The Audrdian Inditute of Mining and Metdlurgy, Val. 285, pp. 1-37.

Hargraves, A. J (1986). Seam gases in mgor Audrdian codfieds, proceeding of
13" congress of council of mining and metallurgical institutions, Vol. 3, pp. 103-112.
(The Audrdian Inditute of Mining and Metalurgy: Mdbourne).

Hargraves, A. J. (1990). Cod seam gas and atmosphere, Greenhouse and energy,
Swaing, D. J. (ed.), Northryde, NSW, Australia, pp. 147-156

Harpdani, S. and McPherson, M. J. (1984). The effect of gas evacuation on cod
permesbility test specimen, Int. J. Rock Mech. Sci. & Geomech., Abstr., Vol. 21, No.

3, pp. 161-164.

Harpaani, S. (1989). Permesbility changes resulting from gas desorption, Quarterly
review of Methane from cod seams technology, pp. 58-61.

207



References

Harpdani, S. and Schraufnagd, R. A. (1990). Shrinkage of cod matrix with release
of gas and itsimpact on permesbility of cod, Fue, Vol. 69, pp. 551-556.

Harpaani, S. and Zhao, X. (1991). Microstructure of cod and its influence on flow of
gas, Energy Sources, Val. 13, No.2, pp. 229-242.

Hapdani, S, and Chen, G. (1992). Effects of gas production on porosity and
permesability of cod, Symposium on coalbed methane research and development in
Australia, (Beamish, B. B. and Gamson P. D. (eds.), James cook University of North
Queendand, Townsville, Audtradia, pp. 67-79

Harpdani, S, and Chen, G. (1992). Estimation of changes in fracture porosity of cod
with gas emission, Fud, Vol. 74, No. 10, pp. 1491-1498.

Harpaani, S. and Chen, G. (1997). Influence of gas production induced volumetric
grain on permesgbility of cod, Geotechnical and Geologica Engineering, Vol. 15, pp.
303-325.

Hapdani, S. and Ouyang, S. (1999). A new laboratory technique to estimate gas
diffuson chaacterisics of cod, International coalbed mehane symposium,
Tuscaloosa, Alabama, USA, pp. 141-149

Havey, C. R (2001). Andyss and management of outburss with particular
reference to the Bulli cod seam, PhD Theds in School of Civil, Mining and
Environment Engineering, Faculty of Engineering, University of Wollongong, 210p.

Hayes, P. J. (1982). Factors affecting gas release from the working seam, Seam gas

drainage with particular reference to the working seam, Hargraves, A. J. (ed.),
Universty of Wollongong, Wollongong, Audtrdia, pp. 62-69

208



References

Hiramatsu, Y., Sato, T. and Oda, N. (1983). Studies on mechanism of gas and cod
burgt in Japanese coamine, International congress on Rock Mechanics, Mebourne,
pp.7-10

Holda, S. (1986). Investigation of adsorption, dilatometry and strength of low rank
cod., Archiwum Gornictwa, Tom, Val. 31, pp. 599-608.

Hughes, B. D. and Logan, T. L. (1990). How to desgn a Coabed methane well,
Petroleum Engineer Internationd, Val. 5, N0.62, pp. 16-20.

Hungerford, F. (1995). Status of Underground Drilling Technology, International
Symposium cum Workshop on Management & Control of High Gas Emission &
Outbursts Lama, R. D. (ed.), Wollongong, pp. 397-404.

Jackson, L. J. (1984). Outbursts in cod mines, IEA coa research, London, Report
No. ICTIS'TR25.

Jolley, D. C., Morris, L. H. and Hindey, F. B. (1968). An invegtigation into the
relaionship between the methane sorption capacity of cod and gas pressure, The
Mining Engineer, Vol. 127, No. 94, pp. 539-548.

Jones, A., Ahmed, U., Abou-Sayed, A. S, Mahyera, A. and Sakashita, B. (1982).
Fractured vertical wells versus horizontal boreholes for methane drainage in advance
of mining U.S. cods, Seam gas drainage with particular reference to the working
seam, (Hargraves, A. J. (ed), Universty of Wollongong, Wollongong, Augtrdia, pp.
172-201

Jones, F. E. (2003). Viscosity of gases, Flow control network (F. C. N.).
http: //mwww.fl owcontr ol networ k.convPastl ssues/jul 2003/3.asp.

209



References

Juntgen, H. (1987). Research for future in dtu converson of cod, Fud, Vol. 66,
No.4, pp. 443-453.

Kaye, G. W. C. and Laby, T. H. (1966). Table of Physicd and Chemica Congtants
and some Mathematical Functions, Longmans, Green and Co Ltd, London, 249p.

Kim, A. G. (1977). Edimating methane content of bituminous codbeds from
adsorption data., US Bureau of Mines, Report of investigations, RI 8245, 22pp.

Kim, A. G. and Kisl, F. N. (1986). Methane formation and migration in coabeds
In: Methane control research: summary of results, Bureau of Mines Bulletin/ Deul M.
and KimA. G. (eds)), pp. 18-25.

Kissl, F. N. and Edwards, J. C. (1975). Two-phase flow in coabeds, U.S. Bureau of
Mines, Report of Investigations 8066, USA, 16 p.

Klinkenberg, L. J. (1941). The Permeability of Porous Media to Liquidsand Gases,
AP Drilling And Production Practice, USA, pp. 200-213.

Koenig, R. A. and Schraufnagd, R. A. (1987). Application of the dug test in coabed
methane testing in Codbed methane, International coalbed methane symposium,
University of Alabama, Alabama, USA, pp. 16-19.

Kvanes, H. M. and Gaddy, V. L. (1931). The compresshility isotherms of methane
at pressures to 1000 atmospheres and at temperatures from -70° to 200°, Journa of
the American Chemical Society, Vaol. 53, pp. 394-399.

Lama, R. D. and Mitchdl, G. W. (1981). Investigations of geochemical parameters in

relation to outbursts of gas and cod a Lechardt Colliery, CSIRO Divison of
Applied Geomechanics, GCM Report No.9, 49 p.

210



References

Lama, R. D. and Batosewicz, H. (1982). Determination of gas content of cod
seams, Seam gas drainage with particular reference to the working seam, Hargraves,
A. J (ed), The Audrdian Inditte of mining and metdlurgy, lllawara Branch,
University of Wollongong, pp. 36-52

Lama, R. D. (1988). Adsorption and desorption of mixed gases on coad and their
implications in mine vetilation, Fourth international mine ventilation congress,
Brisbane, Qld, Austrdia, pp. 161-174.

Lama, R. D. (1991). Methane gas emmisons from cod mining n Audrdia esimates
and control drategies, Proceedings of the IEA/OECD Conference on coal, the
environment and development: technologies to reduce greenhouse gas emissions.
Sydney, NSW, Austraia, 18-21Nov1991. Paris, France, IEA/OECD, pp. 255-266

Lama, R. D. (19953). Effect of dress, gas pressure and vaccum on permesbility of
Bulli cod samples, Int. Symp. cum Workshop on Management and Control of High
Gas Emissions and Outbursts in Underground Coal Mines, Lama, R. D. (ed.),
Wollongong, NSW, Augtraia, pp. 293-301

Lama, R. D. (1995b). Safe gas content threshold vaue for safety againgt outbursts in
the mining of the Bulli seam, Int. Symp. cum Workshop on Management and Control
of High Gas Emissions and Outbursts in Underground Coal Mines, Lama, R. D.
(ed.), Wollongong, Austrdia, pp. 175-189

Lama, R. D. and Bodziony, J. (1996). Outburst of gas, cod and rock in underground
cod mines, R. D. Lama & Associates. 499 p.p.

Lama, R. D. and Bodziony, J. (1998). Management of outburst in underground cod
mines, Internationa Journa of Coa Geology, Val. 35, pp. 83-115

211



References

Langmuir, 1. (1918). The adsorption of gases on plane surfaces of glass, Mica and
Patinum, Amer. Chem. Soc., Vol 40, pp. 1361-1403.

Laubach, S. E., Marrett, R. A., Olson, J. E. and Scott, A. R. (1998). Characteristics
and origins of coa cleat: areview, Int. J. Coa Geal., Val. 35, pp. 175-207.

Law, D., H. =S. (2002). Numerica Modd Comparison Study for Greenhouse Gas
Sequestration in Coabeds, Symposium of COAL-SEQ |, Houston, Texas, U.SA.,
http: //www.coal -seq.conVProceedings/DavidLaw-CO2-Pr esentation. pdf.

Leving, J R. and Deul, M. (1989). Introduction to cod petrology with gpplication to
coalbed methane research and development, Paper to short course No 1. At: The 1989
International coal bed methane symposium, Tuscaloosa, Al.

Leving, J R. (1996). Modd sudy of the influence of matrix shrinkage on absolute
permesability of coa bed reservoirs, Cod bed methane and cod geology, Geologic
society specia publication, Vol. 109, pp. 197-212.

Li, H., Ogawa, Y. and Shimada, S. (2003). Mechanism of methane flow through
sheared cods and its role on methane recovery, Fud, Vol. 82, pp. 1271-1279.

Lide, D. R. (ed.) (2000). CRC handbook of Chemisiry and Physics, CRC Press,
Cleveland, Ohio, USA, ISSN 0147-6262.

Lingard, P. S, Phillips; H. R. and Doig, |. D. (1982). The permeability of some
Audrdian cods, Seam gas drainage with particular reference to the working seam,

(Hargraves, A. J. (ed.), University of Wollongong, Woallongong, Audtrdia, pp. 70-80
Lingard, P. S, Phillipss H. R. and Doig, |I. D. (1984). Laboratory studies of the

sorption  characteristics and  permesbility of triaxidly dressed cod samples,
Proceeding 3" Int. congress on mine ventilation, Harrogate, pp. 143-150

212



References

Littke, R. and Leytheeuser, D. (1993). Migraion of oil and gas in cods In:
Hydrocarbons from cod, AAPG studies in Geology 338, Law, B., E. and Rice, D. D.
(eds.), pp. 219-236.

Lohe, E. M. (1990). Geological parameters in coalbed methane generation and
exploration, Methane drainage from cod, presented in the CSRO workshop meeting,
Paterson, L. (eds.), held at the divison of Div. Geomech., Syndd, Victoria, pp.4-11.

Mackay, J. (1983). Mt. St. Helen, Cresation, Key to rapid cod formation?, Vol. 6, No.
1, pp. 6-8.

Mahgan, O. P. and Waker, P. L., J. (1978). Analytical Methods for coa and cod
products, New Y ork, pp.125-162

Mahgan, O. P. (1982). Cod porosty, in: Coa dructure, Meyers, R. A. (ed)
Academic press, New York, NY, USA, pp.51-86.

Maidebor, V., N. (1973). Production from fractured oil reservoirs, Ingtitut Francais du
Petrole (IFP), text No. 21820 (1 and 2).

Massarotto, P., Rudolph, V. and Golding, S. (2000). New 3-D Permeshility
Equipment, Second Int'l Methane Mitigation Conference. Russan Academy of

Sciences, Novosibirske,

McCulloch, C. M., Dud, M. and Jeran, P. W. (1974). Cleat in Bituminous coabeds,
US Bureau of Mines, Report of investigations 7910, 25p.

McElhiney, J. E., Paul, G. W. and Young, G. B. C. (1993). Reservoir engineering
aspects of coabed methane, In: Hydrocarbons from cod, Law, B., E. and Rice, D. D.

213



References

(eds) The American association of petroleum geologidts, Tulsa, Oklahoma, USA, pp.
361-372.

McPherson, M. J (1993). Ventilation and environmenta engineering, University
press, Cambridge, London, 903 p.

Meehan, F. T. (1927). Proceedings of the roya society of Edinburgh, Vol. CXV, pp.
119( as cited in Briggs and Sinha(1933)).

Milewska-Duda, J.,, Cegarska-Stefanska, G. and Duda, J. (1994). A comparison of
theoreticd and empiricd expanson of cods in the high-pressure sorption of methane,
Fuel, Vol. 73, pp. 971-974.

Moffat, D. H. and Wede, K. E. (1955). Sorption by coa of methane a high
pressures, Fuel, Vol. 34, pp. 449-462.

Mordecai, M. and Morris, L. H. (1974). The effect of dress on the flow of gas
through cod measure strata, Mining engineer, Vol. 133, pp. 435- 443.

More, R. D. and Hanes, J. (1980). Burds in cod a Leichhardt Colliery, Centra
Queendand and the agpparent benefits of Mining by shotfiring, Symposium on
occurence, prediction & control outbursts in coal mines, Brisbane, Qld., Audtrdia,
pp.71-84.

Mosgtade, M. (1999). Codbed methane potentiad of the southern coa basin of
Bdgium, International coalbed methane symposium, Tuscaloosa, Alabama, USA, pp.

35-41

Murry, D. K. (1991). Coa bed methane; natural gas resources from coa seams,USA,
pp. 97-103.

214



References

Muskat, M. (1949). Physcd principies of oil production, McGraw-Hill, New
Y ork.246p.

Ogle, M. (1984).Determining the gas content of cod seams usng
adsorption/desorption  techniques. B.E. thess, Depatment of Civil and Mining
Engineering. University of Wollongong, 158 p.

Pdmer, |. and Mansoori, J. (1996). How permesability depends on stress and pore
pressure in cod beds. A new model, paper SPE36737, Proceeding of the 71st annual

technical conference, Denver, CO.

Patching, T. H. (1965). Variatons in permesbility of cod, In proceedings of rock
mechanics symposum, University of Toronto, pp. 185-194

Petching, T. H. (1970). The retention and release of gas in cod-a review, Canadian
mining and metdlorgica Bull., Vol. 63, pp. 1302-1308.

Paterson, L. (1990). Laboratory measurment of coa permeability, In: Methane
drainage from cod, Paterson, L. (ed) CSIRO divison of geomechanics, Synadd,
Victoria, pp. 33-38.

Pekot, L. J. and Reeves, S. R. (2003). Moddlling the effects of matrix shrinkage and
differentid  swelling on codbed methane recovery and cabon sequedtration.
http: //www.coal-seg.conVProceedings2003/40924R02. paf

Peng, S S and Chiang, H. S (1984). Longwal mining, Wiley, Interscience
Publication, New Y ork, 708p.

Pomeroy, D. C. and Robinson, D. J. (1967). Effect of gpplied stress on permesbility
of middle rank cod to water, Int. J. Rock Mechn. Min. Sci., Val. 4, pp. 329- 343.

215



References

Protodyakonov, M. M. (1963). Mechanicd properties and drillability of rocks, Proc.
of 5" Symp. Rock Mech., Fairhurst, C. (ed.), Minneapolis, Minnesota, pp. 103- 118

Puri, R. and Seidle, J P. (1992). Measurment of stress- dependant permesbility in
cod and its influence on coalbed methane production, In stu, Vol. 16(3), pp. 183-
202.

Rabia, H. (1988). Mine environmental engineering, Entrac Software, Newcastle, UK.
425 p.

Ramani, R. V. and Owili-Eger, A. (1973). Enginesring aspects of cod mine
ventilation sysgems, American Chemicd Society, Divison of Fud Chemidry, Val.

18, No.3, pp. 158- 164.

Reiss, L. H. (1980). The reservoir engineering aspects of fractured formations,
Editions Technip, Paris, France, 108 p.

Renton, J. J. (1982). Minerd matter in cod, In: Cod dructure, Meyers, R. A. (ed.),
Academic Press, New York, 340 p.

Reucroft, P. J. and Patd, K. B. (1983). Surface area and swdlability of cod, Fud,
Vol. 62, pp. 279-284.

Reucroft, P. J. and Patel, K. B. (1986). Gas-induced swelling in cod, Fue, Val. 65,
pp. 816-820.

Rice, D. D. (1993). Controls of coabed gas compostion, International coalbed
methane symposium, Uni. of Alabama, Tuscaloosa, pp.577-582.

216



References

Rightmire, C. T (1984). Codbed Methane Resource, Coalbed Methane Resources of
the United States, Rightmire, C. T., Eddy, G. E., Kirr, J. N. (eds)), Tulsa, Oklahoma,
pp. 1-13.

Rodrigues, C. F. and Lemos de Sousa, M. L. (2002). The measurement of cod
porodty with different gases, International Journal of Coal Geology, Vol 48, pp. 245
251.

Rose, R. E. and Foh, S. E. (1984). Liquid permeability of cod as a function of net
stress, Unconventional Gas Recovery Symposium, Pittsburgh, PA, USA, pp. 253-259.

Ruff, O. and Gessale, P. Z. (1930, 1940) BergHutton salinenwesen, No. 10, 84(1936),
No. 7, 88(1940)(in German), (as cited in Lama and Bodziony, 1996).

Ruppd, T. C., Grein, C. T. and Bienstock, D. (1974). Adsorption of methane on dry
cod at elevated pressure, Fud, Vol. 53, pp. 152-162.

Ryan, B. D. (1995). Cdcite in cod from the Quinsam mine, British Colombia,
Canada; its origin, digtribution and effects on cod utilization.
http: //mww.em.gov.bc.ca/DL/GSBPubs/ GeoF| dWk/1994/243-260-r yan.pdf

Saghafi, A. (2001). Coa seam gasreservoir characterisation, 14p.

http: //www.austr aliancoal .csir o.au/pdfs/saghafi.pdf.

Sattillan, M. (2004). Underground Desgasification and Cod Mine Methane Projects
a Minerdes Monclova, Minerdes Monclova, SA. deC.V.
http: //www.epa.qgov/coal bed/pdf/desgasification mexico.pdf

Sawyer, W. K., Paul, G. W. and Schraufnagd, R. A. (1990). Development and
application of a 3D cod bed smulator, Paper CIM/SPE 90-119, Proceedings of the
petroleum society CIM, Cagary, Canada, pp. 119 (1-9)

217



References

Scott, A. R. (1994). Composition of coalbed gases, In situ, Vol. 18, No. 2, pp. 185
208.

Sade J P. and Huitt, L. G. (1995). Experimentd measurement of coad matrix
dhrinkage due to gas desorption and implications for cleat permesability increases,
paper SPE 30010, Proceedings of the international meeting on petroleum
engineering, Bajing, China, pp.575-582

Sethuraman, A. R. (1987). Gas and vapour induced cod swdling, American
Chemica Society, Vol. 32, pp. 259-264.

Shi, J. Q. and Durucan, S. (2003). Moddling of enhanced methane recovery and CO»
sequedtration in deep cod seams the impact of cod matrix shrinkage / swelling on
cleat permeability, International coal bed methane Symposium, Tuscaoosa, Alabama,
pp. 0343 (1-12)

Shu, D. M., Chamberlain, J. A., Lakshmanan, C. C. and White, N.(1995). Estimation
of ingtu cod permegbility and modding of methane pre-dranage from in-seam
holes, Int. Symp. cum Workshop on Management and Control of High Gas Emissions
and Outbursts in Underground Coal Mines, Lama, R. D. (ed.), Wollongong,
Audralia, pp. 303-310

Smith, J W. and Gould, K. W. (1980). An isotopic study of the role of carbon
dioxide in outbursts in cod mines, Geochemistry, Vol. 14, pp. 27-32.

Somers, M. L. (1993). Industrid drainage of mine gas from coa seams, PhD Thess,
Chem. engineering and ind. chem., University of New South Wales, Sydney, 552p.

218



References

Somerton, W. H., Soylemezoglu, |I. M. and Dudley, R. C. (1975). Effect of stress on
permesbility of cod, Int.J. Rock M. M. Sci., Vol. 12, pp. 129-145.

Speight, J. G. (1983). The chemisry and technology of cod, Marcd Dekker, Inc.,
New Y ork and basel, 528 p.

S.George, J. D. and Barakat, M. A. (2001). The change in effective stress associated
with shrinkage from gas desorption in cod, International Journd of Coa Geology,
Val. 45, pp. 105-113.

Stach, E., Mackowsky, M. T., Teichmuller, M., Taylor, G. H., Chandra, D. and
Teichmuller, R. (1975). Stach's textbook of cod petrology, 2" Ed., Gebruder
Borntraeger,Berlin, Stuttgart.428 p.

Stach, E., Mackowsky, M. T., Teichmuller, M., Taylor, G. H., Chandra, D. and
Teichmuller, R. (1982). Stach's textbook of coa petrology, 3 Ed., Gebruder
Borntraeger,Berlin, Stuttgart.535 p.

Sefanska, C. G. (1990). Influence of carbon dioxide and methane on changes of
sorption, and dilatometric  properties of bituminous cods, Archiwum Gornictwa,
Poland, Vol. 35, pp. 105-113.

Su, X., Feng, Y., Chen, J and Pan, J. (2001). The characteristics and origins of cleat
in cod from Western North China,, Int. J. Cod Geol, Vol. 47, pp. 51-62.

Symth, M. (1993). Statisics of cod micro lithotypes and ther corrdation to
permeability of coa seams,, Int. J. of Coad Geol, Val. 22, No. 2, pp. 167-187.

Tankard, J. H. G. (1958). The effect of sorbed carbon dioxide upon the strength of
coas, The M.S. thess, Depatment of Mining Engineering, The universty of Sydney,
149 p.

219



References

Temmd (1990). Coabed methane : Criteria for the production of methane from codl:
goplied to Styrian brown cods. MSc thesis.

Thakur, P. C. and Davis, J, G. (1977). How to plan for methane control in
underground coa mines,, Mining Engineering, Vol. 29, No.10, pp. 41- 45.

Thakur, P. C. and Dahl, H. D. (1982). Methane drainage, In: Mine ventilation and ar
conditioning, Hartman, H., Mutmansky, J. M. and Wang, Y. J. (eds), John Wiley&
Sons, New Y ork, pp.69-83.

Thomson, C. and MacDonald, D. (2003). Ryde, NSW, Austrdia.

http: //www.lucas.com.au/i ndex.cfm?section= 1& homeContent!| D= 28.

Thomson, S. (2004). The role of directiond drilling for safety in cod mining,
CoaBed concepts Pty Limited for Advanced Mining Technologies Pty Ltd (AMT).
http: //www.advmini ngtech.com.au/Paper 3.htn#5.%20ACKNOWLEDGEMENTS

Titheridge, D. (2004). Low permeshility cod: toward an exploration modd based on
macroscopic features of cacite minerdisation and a knowledge of tectonic higtory,
Gas and coal outburst committee half day seminar, NSW Department of minerd

resources, Wollongong, NSW, Audtrdia, pp. 1-28

Van der Meer, L. G. H. (2004). An excdlent smulation tool SIMED 1I™, TNO-
NITG, Information.
http: //wwww.nitg.tno.nl/eng/pubr el s/infor mation/nr 13art4.pdf.

Van Krevelen, D. W. (1981). Cod, Elsevier, Amsterdam, 514 p.

Vutukuri, V. S and Lama, R. D. (1986). Environmenta engineering in mines,
Syndicate of the University of the Cambridge, Cambrige, 504p.

220



References

Wadlace, J A. (1990). Coalbed methane production an operator's perspective,
Codbed methane in Alberta what's it all about?, Nikols, D., Treasure, S, Stuhec, S,
Goulet, D. (eds.),Edmonton, Alberta Canada, 17 p.

Wang, Y. and Yang, Q. (1987). Prediction of outburst hazard of coa and gas, Proc.
22" int. Conf. Safety in mines Res. Inst., Beijing, China, pp. 347-355

Williams, A., E. and Elders, W. A. (1984). Stable isotope systematics of oxygen
cabon in rocks and minerds from the Cero Prietco anomady, Bga Cdifornia,
Mexico, Geothermics, Vol. 14, pp. 49-63.

Williams, R. J. (1991). Carbon dioxide and methane emisson a Tahmoor Colliery,
In: Gas in Audrdian cods, A symposium on seam gas, Bamberry, W. J. and Depers,
A. M. (eds), University of New South Wales, pp. 141-156

Williams, R. J (1999). Assessment and control of gas hazards in Queendand
callieries, Longwal Mining Summit, Capricorn Resort, 'Y eppoon.

Wold, M. B. and Jeffrey, R. G. (1999). A comparison of cod seam directiona
permegbility as measured in laboratory core tests and in wdl interference tests, SPE
paper 55598, Proceedings SPE Rocky Mountain Regional Meeting, Gillette,
Wyoming, pp. 185-193

Walf, K. H. A. A., Ephram, R., Bertheux, W. and Bruining, J. (2001a). Coa Cleat
Classfication and Permegbility Edtimation by Image Andyss on Cores and Dirilling
Cuttings, Int. Coalbed Methane Symp., Tuscaloosa, Alabama, USA. Paper No 0102.,
pp. 1-10

Walf, K. H. A. A., Betheux, W., Bruining, J and Ephram, R. (2001b). CO2
Injection in and CH4 production from cod seams laboratory experiments and image

221



References

andyss for gamulaions First National Conference on Carbon Sequestration,
Washington, DC, USA.
http: //mww.netl.doe.gov/publications/proceedings/01/carbon _seq/p22.pdf

Wu, Y. S, Pruess, K. and Persoff, P. (1998). Gas flow in porous media with
Klinkenberg effects, Transport in Porous Media, Vol. 32, pp. 117-137.

Wubben, P., Seewald, H. and Jurgen, K. (1986). Permestion and sorption behaviour
of gas and water in cod, Proceedings of the twelfth annual underground coal

gasification symposium, August 24-28.

Xue, S. and Thomas, L. J. (1991). The permesbility of coad under various confining
stresses, Gas in Australian Coals, Bamberry, W. J. and Depers, A. M. (eds.), School
of mines, University of New South Wales, pp. 157-162

Xue, S. and Thomas, L. J (1995). Laboratory investigation on the permeability of
cod to mixture of methane and carbon dioxide, Int. Symp. cum Workshop on
Management and Control of High Gas Emissions and Outbursts in Underground
Coal Mines, Lama, R. D. (ed.) Wollongong, Austrdia, pp. 311-315

Yee, D, Sade J P. and Hanson, W. B. (1993). Gas sorption on coa and
measurement of gas content, Hydrocarbons from Coad, American Association of
Petroleum Geologists, Tulsa, Oklahoma, pp.203-218

Yong, Q., Janping, Y. and Dayang, L. (1999). Methodology of optimum seeking to
the potentid exploring and mining areas of codbed methane resources in Ching,
International coalbed methane symposium, Universty of Alabama, Alabama, USA,
pp. 187-195

Zwietring, P. and Van Krevelen, D. W. (1954). Chemica structure and properties of
cod. IV. Pore structure, Fuel, Vol. 33, pp. 331-337.

222



APPENDIX |

RESULTS OF PERMEABILITY OF COAL SAMPELSTESTS
UNDER DIFFERENT AXIAL LOASAND

GAS PRESSURES FOR VARIOUS GASES



-0.002 A
c
T
17
o
= -0.004 A ‘\L
=
E TAB1
> 0,006 TAB5
-0. - TAB3
0.5 MPa \__ TAB4
TAB2
‘0008 T T T T T 1
0 200 400 600 800 1000 1200
Time, min
Figure A.l.1 Volumetric grain in CO; for pressure reductions of 0.5 MPa
from 3 MPafor Tabas samples.
-0.0005
25
- MPa
S -0.0015 - 2.0 g
MPa ﬂ
2 e | —— TABL
g 0.0025 - MPa —A\
3 o TABS
3 10 L TAB3
-0.0035 - MPa 05 TAB4
MPa TAB2
-0.0045 T T T T T |
0 200 400 600 800 1000 1200
Time, min
Figure A.l.2 Volumetric gtrain in CH, for pressure reductions of 0.5 MPa

from 3 MPafor Tabas samples.

Al-2



-0.0002
£ -0.0004 ~
T
2 -0.0006 1
5 ' g‘k TAB1
£ -0.0008 MPa EL
5 S — TAB5
S MPa o5 N__
> -0.001 T o\ TAB3
MPa K TAB4
-0.0012 - TAB2
'00014 T T T T T 1
0 200 400 600 800 1000 1200
Time, min
FigureA.l.3 Volumetric strain in N2 for pressure reductions of 0.5 MPa from
3 MPafor Tabas samples.

c
Ju
v L TAB1
= | a
3 -0.005 MPa 1’;;2
> 05
-0.006 - MPa TAB2
-0.007
‘O. 008 T T T T T 1
0 200 400 600 800 1000 1200
Time, min
Figure A.l.4 Volumetric strain in CO,/CH,4 mixture or pressure reductions of

0.5 MPa from 3 MPafor Tabas samples.

Al -3



O —_
-0.002 -
c
o
% -0.004
Q
15}
€ -0.006 -
3 MMP 1
>
4 MMP 4
-0.008 MMP 3
MMP 5
MMP 2
‘001 T T T T T 1
0 200 400 600 800 1000 1200
Time, min
Figure A.l.5 Volumetric gtrain in CO, for pressure reductions of 0.5 MPa
from 3 MPafor Metropolitan samples.
O -
-0.0005 -
c
J
B -0.001
2
15
£ 00015 A
S MMP 1
-0.002 MMP 4
MMP 3
MMP 5
0.0025 . . . . —AMP 2
0 200 400 600 800 1000
Time, min
Figure A.1.6 Volumetric gtrain in CH, for pressure reductions of 0.5 MPa

from 3 MPafor Metropolitan samples.

Al-4



O —_
-0.0002 A
£ -0.0004 ~
T
2 -0.0006 1
B
£ -0.0008 T
=}
S
> -0.001 - MMP 1
0.0012 - MMP 3
Y —— MMP 5
-0.0014 . . . . —MMP2
0 200 400 600 800 1000 1200
Time, min
Figure A.l.7 Volumetric strain in N2 for pressure reductions of 0.5 MPa from
3 MPafor Metropolitan samples.
0 —_
25
MPa
-0.002 2.0
£ MPa
T 15
B MPa
Q
5 -0.004 1.0
= MPa
=)
S 0.5 MMP 1
i MPa MMP 4
-0.006 MMP 3
MMP 5
MMP 2
'0. 008 T T T T T 1
0 200 400 600 800 1000 1200

Time, min

FigureA.l.8  Volumetric strain in CO,/CHj, for pressure reductions of 0.5 MPa
from 3 MPafor Metropolitan samples.

Al-5



|25
c 2.0
T -0.004 MPa
B 1.5
[&]
S -0.006 1 MPa
2 1.0
= MPa — DAR5
S -0.008 7 — DAR2
0.5 \
0,01 - MPa DAR 4
: DAR 1
‘0012 T T T T T 1
0 200 400 600 800 1000 1200
Time, min
FigureA.l.9 Volumetric strain in CO, for pressure reductions of 0.5 MPa
from 3 MPafor Dartbrook samples.
e
T
B
2
15
S DAR 5
= —= DAR?2
> ————— DAR3
DAR 4
DAR 1
-0.006 | . T T T
0 200 400 600 800 1000
Time, min
Figure A.1.10 Volumetric grain in CH, for pressure reductions of 0.5 MPa

from 3 MPafor Dartbrook samples.

A.l-6



0 —_
-0.0002 A
£ -0.0004 ~
T
2 -0.0006 1
B
€ -0.0008 T
=
S DAR 5
> -0.001 DAR 2
DAR 3
-0.0012 A DAR 4
DAR 1
‘00014 T T T T T 1
0 200 400 600 800 1000 1200
Time, min
Figure A.l 11 Volumetric strainin N for pressure reductions of 0.5 MPa from
3 MPafor Dartbrook samples.
0 —_
-0.002 4 2.5 lE
c MPa
'g 2.0
S5 -0.004 MPa
B 15
£ -0.006 - MPa -
N 10 DAR 2
MP —
-0.008 - a 05 BAR 4
MPa DAR 1
'001 T T T T T 1
0 200 400 600 800 1000 1200
Time, min
Figure A.l 11 Volumetric grain in CO,/CHy for pressure reductions of 0.5 MPa

from 3 MPafor Dartbrook samples.

Al -7



APPENDI X |1

PERMEABILITY OF COAL SAMPELSTEST RESULTS
UNDER DIFFERENT AXIAL LOASAND

GAS PRESSURES FOR VARIOUS GASES



Table All.1

Permesability test results for North Goonydlla cod sample (NGO 1).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy to CO,/CH4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 9.76E-04 5.40E-03 1.65E-03 8.85E-03
0.5 500 4.45E-04 4.45E-03 1.08E-03 7.56E-03
750 3.66E-04 4.01E-03 9.36E-04 6.71E-03
1000 3.10E-04 1.66E-03 7.12E-04 2.81E-03
100 5.88E-04 2.66E-03 9.13E-04 4.71E-03
1.0 500 2.93E-04 1.01E-03 7.28E-04 2.01E-03
750 2.28E-04 7.60E-04 6.40E-04 2.41E-03
1000 1.90E-04 6.82E-04 4.94E-04 2.06E-03
100 3.55E-04 1.33E-03 4.50E-04 3.03E-03
2.0 500 1.94E-04 8.46E-04 3.95E-04 2.25E-03
750 1.28E-04 6.56E-04 3.36E-04 1.46E-03
1000 1.14E-04 3.96E-04 2.82E-04 1.21E-03
100 2.32E-04 9.50E-04 2.74E-04 1.77E-03
3.0 500 1.07E-04 7.13E-04 2.28E-04 1.40E-03
750 8.79E-05 3.48E-04 1.90E-04 6.05E-04
1000 4.88E-05 1.94E-04 1.66E-04 3.45E-04




Table All.2 Permesability test results for North Goonyella cod sample (NGO 2).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 1.22E-03 5.45E-03 1.78E-03 9.20E-03
0.5 500 5.32E-04 4.24E-03 1.19E-03 6.90E-03
750 4.45E-04 3.33E-03 1.03E-03 5.76E-03
1000 3.87E-04 1.45E-03 7.90E-04 2.55E-03
100 6.99E-04 3.35E-03 1.14E-03 5.50E-03
1.0 500 3.64E-04 1.32E-03 9.42E-04 2.35E-03
750 2.49E-04 1.07E-03 7.91E-04 2.32E-03
1000 2.24E-04 9.90E-04 6.39E-04 1.41E-03
100 4.16E-04 2.00E-03 6.49E-04 4.41E-03
2.0 500 1.90E-04 9.04E-04 5.63E-04 2.21E-03
750 151E-04 6.97E-04 4.72E-04 1.32E-03
1000 1.32E-04 4.76E-04 4.02E-04 9.62E-04
100 2.84E-04 1.01E-03 3.01E-04 1.90E-03
3.0 500 1.32E-04 6.85E-04 2.52E-04 9.85E-04
750 1.08E-04 4.55E-04 2.08E-04 6.11E-04
1000 5.89E-05 2.14E-04 1.82E-04 4.34E-04

A.ll-3




Table All.3 Permesability test results for North Goonyella cod sample (NGO 3).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, toCH4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 1.49E-03 8.50E-03 2.57E-03 1.91E-02
05 500 7.31E-04 6.22E-03 1.84E-03 1.06E-02
750 5.89E-04 4.46E-03 1.58E-03 8.40E-03
1000 5.00E-04 1.98E-03 1.22E-03 3.73E-03
100 1.22E-03 5.65E-03 1.93E-03 9.95E-03
10 500 6.41E-04 2.53E-03 1.70E-03 4.53E-03
750 5.89E-04 2.44E-03 1.30E-03 4.24E-03
1000 4.08E-04 1.50E-03 1.09E-03 4.03E-03
100 5.81E-04 3.38E-03 1.07E-03 6.76E-03
2.0 500 2.97E-04 1.02E-03 9.53E-04 2.41E-03
750 2.06E-04 9.85E-04 8.12E-04 1.72E-03
1000 1.83E-04 7.68E-04 6.81E-04 1.62E-03
100 3.80E-04 1.85E-03 5.16E-04 3.33E-03
3.0 500 1.76E-04 9.51E-04 4.52E-04 1.59E-03
750 1.44E-04 5.33E-04 3.77E-04 8.80E-04
1000 7.99E-05 3.57E-04 3.28E-04 6.00E-04

All-4




Table All .4

Permeability test results for North Goonyella cod sample (NGO 4).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 1.13E-03 5.01E-03 1.65E-03 8.56E-03
0.5 500 5.22E-04 3.95E-03 1.17E-03 6.57E-03
750 4.41E-04 3.15E-03 1.01E-03 5.25E-03
1000 3.79E-04 1.93E-03 7.76E-04 3.31E-03
100 6.90E-04 2.85E-03 9.92E-04 4.98E-03
1.0 500 3.70E-04 9.51E-04 8.00E-04 2.51E-03
750 2.39E-04 8.76E-04 6.52E-04 1.73E-03
1000 2.21E-04 8.43E-04 5.53E-04 1.71E-03
100 3.96E-04 1.40E-03 4.79E-04 3.62E-03
20 500 2.04E-04 7.76E-04 3.84E-04 1.87E-03
750 1.33E-04 4.44E-04 3.27E-04 9.24E-04
1000 1.18E-04 3.26E-04 2.74E-04 8.10E-04
100 1.18E-04 9.45E-04 2.96E-04 1.85E-03
3.0 500 1.30E-04 8.25E-04 2.84E-04 1.45E-03
750 1.06E-04 3.10E-04 1.77E-04 9.60E-04
1000 5.89E-05 2.06E-04 1.55E-04 4.99E-04




Table All.5

Permeghiility test results for North Goonyella cod sample (NGO 5).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 1.39E-03 7.10E-03 2.22E-03 1.16E-02
0.5 500 5.34E-04 5.62E-03 1.53E-03 9.49E-03
750 4.76E-04 5.10E-03 1.31E-03 9.14E-03
1000 4.00E-04 2.28E-03 1.01E-03 4.16E-03
100 9.88E-04 5.72E-03 1.90E-03 9.49E-03
1.0 500 5.41E-04 3.43E-03 1.40E-03 5.63E-03
750 3.71E-04 3.34E-03 1.21E-03 5.55E-03
1000 3.37E-04 1.45E-03 9.95E-04 2.46E-03
100 6.18E-04 3.41E-03 1.08E-03 6.00E-03
2.0 500 3.47E-04 1.23E-03 9.60E-04 2.53E-03
750 2.30E-04 9.12E-04 8.18E-04 1.62E-03
1000 2.05E-04 6.09E-04 4.86E-04 1.46E-03
100 3.80E-04 1.62E-03 4.65E-04 2.83E-03
3.0 500 1.76E-04 8.54E-04 3.84E-04 1.54E-03
750 1.44E-04 3.75E-04 3.20E-04 6.31E-04
1000 7.99E-05 1.20E-04 8.80E-05 2.31E-04




Table All.6

Permeability test results for Tabas cod sample (TAB 1).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 4.81E-05 3.60E-04 1.30E-04 6.06E-04
0.5 500 3.00E-05 1.69E-04 8.46E-05  3.79E-04
730 2.17E-05 1.57E-04 8.46E-05 2.59E-04
1000 1.61E-05 1.24E-04 6.36E-05 2.05E-04
100 2.30E-05 2.36E-04 8.34E-05 3.74E-04
10 500 1.65E-05 1.28E-04 5.84E-05 2.41E-04
730 1.19E-05 1.26E-04 5.40E-05 2.41E-04
1000 1.24E-05 1.03E-04 4.22E-05 1.63E-04
100 1.56E-05 1.58E-04 4.02E-05 2.96E-04
2.0 500 9.18E-06 9.90E-05 3.60E-05 1.76E-04
730 7.32E-06 5.94E-05 3.04E-05 1.03E-04
1000 7.74E-06 5.93E-05 2.77E-05 9.90E-05
100 1.03E-05 8.16E-05 3.80E-05 1.54E-04
3.0 500 6.78E-06 6.36E-05 3.15E-05 1.14E-04
730 7.56E-06 6.06E-05 2.42E-05 1.03E-04
1000 3.48E-06 4.97E-05 2.29E-05 7.92E-05




Table All.7

Permesability test results for Tabas cod sample (TAB 2).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 4.51E-05 3.35E-04 1.77E-04 5.80E-04
0.5 500 2.14E-05 1.70E-04 9.72E-05 3.73E-04
750 1.83E-05 1.32E-04 6.18E-05 2.24E-04
1000 1.64E-05 1.26E-04 6.00E-05 2.18E-04
100 2.66E-05 2.36E-04 9.90E-05 3.78E-04
10 500 1.94E-05 1.28E-04 5.62E-05 2.11E-04
730 1.72E-05 1.07E-04 4.76E-05 1.79E-04
1000 1.19E-05 1.03E-04 3.86E-05 1.75E-04
100 2.12E-05 1.17E-04 4.78E-05 1.93E-04
2.0 500 9.36E-06 8.22E-05 3.73E-05 1.42E-04
730 9.60E-06 6.72E-05 3.36E-05 1.15E-04
1000 7.92E-06 6.24E-05 3.28E-05 1.04E-04
100 1.67E-05 8.10E-05 3.86E-05 1.45E-04
3.0 500 1.67E-05 6.30E-05 3.32E-05 1.15E-04
750 7.14E-06 5.52E-05 6.84E-06 9.24E-05
1000 2.76E-06 4.88E-05 6.66E-06 8.22E-05




Table All.8

Permesgbility test results for Tabas cod sample (TAB 3).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 4.58E-05 3.48E-04 1.61E-04 6.24E-04
0.5 500 2.50E-05 1.69E-04 100E-04  3.78E-04
750 1.55E-05 1.31E-04 5.99E-05 2.36E-04
1000 1.40E-05 1.27E-04 5.96E-05 2.02E-04
100 2.55E-05 2.06E-04 8.94E-05 3.57E-04
10 500 1.46E-05 1.30E-04 6.06E-05 2.68E-04
730 1.49E-05 1.19E-04 4.78E-05 2.08E-04
1000 1.30E-05 7.68E-05 4.46E-05 1.23E-04
100 1.76E-05 1.56E-04 4.87E-05 2.56E-04
2.0 500 9.18E-06 8.34E-05 3.01E-05 1.36E-04
730 9.36E-06 5.82E-05 2.68E-05 9.42E-05
1000 5.98E-06 5.54E-04 2.60E-05 9.18E-05
100 9.42E-06 7.98E-05 3.67E-05 1.28E-04
3.0 500 8.04E-06 6.24E-05 3.32E-05 1.07E-04
730 6.66E-06 5.09E-05 2.14E-05 8.58E-05
1000 5.32E-06 3.62E-05 1.93E-05 5.94E-05




Table All.9

Permeability test results for Tabas cod sample (TAB 4).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 4.39E-05 3.47E-04 1.46E-04 6.30E-04
0.5 500 2.47E-05 1.66E-04 111604  4.33E-04
730 1.81E-05 1.32E-04 6.72E-05 2.51E-04
1000 1.52E-05 1.23E-04 6.06E-05 2.11E-04
100 2.47E-05 2.37E-04 1.02E-04 3.77E-04
10 500 1.51E-05 1.28E-04 7.26E-05 2.18E-04
730 1.49E-05 1.14E-04 5.30E-05 1.99E-04
1000 1.13E-05 1.03E-04 4.15E-05 1.78E-04
100 1.01E-05 1.47E-04 4.21E-05 1.73E-04
2.0 500 7.62E-06 6.18E-05 2.83E-05 1.06E-04
730 5.96E-06 6.18E-05 1.95E-05 1.00E-04
1000 6.24E-06 5.38E-05 1.97E-05 8.88E-05
100 8.88E-06 1.01E-04 3.59E-05 1.91E-04
3.0 500 7.14E-06 6.42E-05 2.63E-05 1.25E-04
730 4.64E-06 3.25E-05 1.39E-05 8.40E-05
1000 5.05E-06 3.17E-05 1.40E-05 5.60E-05

A.ll-10




Table All.L10  Permesbility test results for Tabas coa sample (TAB 5).
Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)

100 4.69E-05 3.48E-04 1.49E-04 5.95E-04

0.5 500 1.90E-05 1.70E-04 9.12E-05  3.56E-04
730 1.88E-05 1.32E-04 5.93E-05 2.11E-04
1000 1.79E-05 1.26E-04 5.75E-05 2.06E-04
100 2.76E-05 2.35E-04 9.30E-05 3.79E-04

10 500 1.93E-05 1.29E-04 5.91E-05 2.29E-04
730 1.37E-05 1.16E-04 4.82E-05 1.88E-04
1000 1.38E-05 1.03E-04 4.80E-05 1.72E-04
100 1.75E-05 1.18E-04 3.85E-05 1.94E-04

2.0 500 8.46E-06 6.54E-05 2.73E-05 1.19E-04
730 7.50E-06 6.48E-05 2.71E-05 1.12E-04
1000 7.26E-06 6.42E-05 2.52E-05 1.03E-04
100 9.48E-06 6.60E-05 3.14E-05 1.26E-04

3.0 500 8.46E-06 6.24E-05 2.98E-05 1.12E-04
730 6.96E-06 5.40E-05 2.23E-05 8.94E-05
1000 3.46E-06 4.82E-05 1.84E-05 7.74E-05
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Table All.11  Permeability test results for Metropolitan cod sample (MMP 1).
Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)

100 6.31E-06 1.03E-04 2.62E-05 1.37E-04

0.5 500 321E-06  5.98E-05 1.35E-05 1.15E-04

730 1.12E-06 1.92E-05 1.42E-05 4.29E-05

1000 1.11E-06 1.56E-05 8.16E-06 2.56E-05

100 9.75E-06 7.77E-05 1.85E-05 1.28E-04

10 500 4.82E-06 3.15E-05 1.19E-05 7.20E-05

730 2.44E-06 1.74E-05 1.08E-05 2.33E-05

1000 1.63E-06 1.22E-05 5.61E-06 2.16E-05

100 2.04E-06 2.70E-05 1.10E-05 5.17E-05

2.0 500 1.20E-06 2.08E-05 4.62E-06 3.74E-05

730 5.96E-07 1.10E-05 3.94E-06 1.96E-05

1000 4.42E-07 8.61E-06 4.22E-06 1.46E-05

100 6.05E-07 1.07E-05 4.88E-06 1.75E-05

3.0 500 5.10E-07 9.67E-06 3.32E-06 1.55E-05

730 3.78E-07 6.81E-06 3.15E-06 1.27E-05

1000 2.49E-07 5.43E-06 2.42E-06 1.12E-05
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TableAll.12  Permeability test results for Metropolitan cod sample (MMP 2).
Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)

100 1.22E-04 1.93E-03 3.34E-04 3.69E-03

0.5 500 7.30E-05 1.40E-03 235E-04  2.26E-03
750 4.16E-05 6.53E-04 1.90E-04 1.33E-03
1000 2.03E-05 3.43E-04 1.23E-04 6.34E-04
100 9.66E-05 1.53E-03 1.78E-04 2.53E-03

10 500 5.94E-05 9.26E-04 1.34E-04 1.09E-03
730 2.90E-05 5.15E-04 1.37E-04 8.61E-04
1000 1.71E-05 2.68E-04 6.23E-05 5.51E-04
100 5.37E-05 8.63E-04 1.67E-04 1.40E-03

2.0 500 3.12E-05 5.77E-04 1.19E-04 9.91E-04
730 1.95E-05 3.95E-04 8.82E-05 7.49E-04
1000 1.52E-05 1.09E-04 8.82E-05 2.63E-04
100 2.71E-05 2.89E-04 1.37E-04 6.24E-04

3.0 500 1.59E-05 2.55E-04 8.78E-05 3.93E-04
730 8.01E-06 1.59E-04 1.46E-05 2.59E-04
1000 4.86E-06 8.09E-05 8.95E-06 1.33E-04
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Table All.13  Permeability test results for Metropolitan cod sample (MMP 3).
Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)

100 8.78E-06 1.38E-04 2.51E-05 2.29E-04

0.5 500 537E-06  8.63E05 1.93E-05 1.44E-04

750 4.64E-06 8.09E-05 1.94E-05 1.43E-04

1000 2.00E-06 3.48E-05 1.08E-05 6.37E-05

100 6.01E-06 1.07E-04 1.56E-05 1.99E-04

10 500 4.86E-06 8.53E-05 1.30E-05 1.50E-04

730 2.66E-06 4.24E-05 9.04E-06 7.54E-05

1000 1.59E-06 2.73E-05 5.10E-06 4.47E-05

100 3.81E-06 8.11E-05 1.47E-05 1.49E-04

2.0 500 3.10E-06 5.77E-05 1.32E-05 9.57E-05

730 2.20E-06 3.95E-05 7.57E-06 7.05E-05

1000 7.04E-07 1.09E-05 4.42E-06 2.50E-05

100 3.04E-06 4 58E-05 1.39E-05 7.88E-05

3.0 500 1.64E-06 2.86E-05 1.03E-05 6.42E-05

730 1.15E-06 2.53E-05 2.42E-06 4 55E-05

1000 1.34E-06 1.56E-05 2.22E-06 2.58E-05
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TableAll.14  Permeability test results for Metropolitan cod sample (MMP 4).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 7.22E-06 1.18E-04 2.22E-05 1.93E-04
0.5 500 4.86E-06  8.35E-05 1.82E-05 1.53E-04
730 2.40E-06 4.00E-05 1.29E-05 7.77E-05
1000 1.74E-06 2.83E-05 4.82E-06 5.69E-05
100 5.37E-06 9.26E-05 1.25E-05 1.51E-04
10 500 3.65E-06 6.34E-05 9.77E-06 1.27E-04
730 2.01E-06 3.22E-05 8.56E-06 6.19E-05
1000 1.22E-06 2.08E-05 3.76E-06 3.51E-05
100 4.22F-06 7.18E-05 1.12E-05 1.15E-04
2.0 500 3.12E-06 4.19E-05 9.75E-06 7.67E-05
730 1.46E-06 2.16E-05 7.13E-06 4.37E-06
1000 1.03E-06 1.76E-05 2.57E-06 3.09E-06
100 1.46E-06 2.40E-05 7.94E-06 5.49E-05
3.0 500 7.24E-07 1.63E-05 6.36E-06 2.65E-05
730 6.40E-07 1.35E-05 1.48E-06 2.48E-05
1000 4.88E-07 1.03E-05 9.92E-07 1.73E-05
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Table All.15  Permesbility test results for Metropolitan cod sample (MMP5).
Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)

100 1.03E-04 1.58E-03 3.83E-04 2.57E-03

0.5 500 455E-05  9.07E-04 2156-04  1.50E-03

730 4.84E-05 5.56E-04 1.37E-04 9.65E-04

1000 1.41E-05 2.60E-04 8.60E-05 5.04E-04

100 7.06E-05 9.91E-04 1.59E-04 1.67E-03

10 500 4.38E-05 7.38E-04 1.32E-04 1.17E-03

730 2.73E-05 4.13E-04 1.08E-04 7.59E-04

1000 8.58E-06 1.32E-04 4.88E-05 2.43E-04

100 3.98E-05 1.66E-04 5.98E-05 3.74E-04

2.0 500 1.02E-05 8.19E-05 1.36E-05 2.54E-04

730 9.46E-06 5.77E-05 1.78E-05 1.28E-04

1000 4.84E-06 3.04E-05 1.09E-05 5.80E-05

100 9.50E-06 5.51E-05 4.88E-05 1.06E-04

3.0 500 2.90E-06 3.67E-05 1.19E-05 6.01E-05

730 2.27E-06 3.46E-05 2.71E-06 5.49E-05

1000 3.52E-06 2.50E-05 2.42E-06 4.68E-05
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Table All.16

Permeability test results for Dartbrook cod sample (DAR 1).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO2 to CH4 to CO2/CH,4 to N>
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 2.91E-06 2.12E-03 1.12E-05 4.44E-03
0.5 500 219E-06  150E-03  589E06  284E-03
750 2.19E-06 1.49E-03 5.40E-06 2.47E-03
1000 1.56E-06 1.04E-03 4.83E-06 2.01E-05
100 2.39E-06 2.01E-03 1.08E-05 4.22E-03
1.0 500 1.59E-06 1.16E-03 5.55E-06 2.118-03
750 1.49E-06 1.06E-03 4.67E-06 1.88E-03
1000 1.04E-06 7.27E-04 4.92E-06 1.67E-03
100 1.30E-06 7.73E-04 5.42E-06 1.81E-03
2.0 500 8.21E-07 6.97E-04 5.32E-06 1.09&-03
790 5.07E-07 4.18E-04 1.58E-06 8.75E-04
1000 4.66E-07 3.99E-04 1.67E-06 7.55E-04
100 8.46E-07 6.54E-04 1.69E-06 1.66E-03
3.0 500 6.38E-07 6.13E-04 135606  9-93E04
790 5.26E-07 4.01E-04 1.26E-06 6.46E-04
1000 2.07E-07 2 96E-04 9.04E-07 5.92E-04
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Table All.17  Permeability test results for Dartbrook cod sample (DAR 2).
Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)

100 2.60E-05 7.17E-04 1.56E-04 1.61E-03

0.5 500 2.20E-05 6.26E-04 9.79E-05 1.02E-03
730 1.79E-05 5.31E-04 7.11E-05 9.21E-04
1000 1.19E-05 4.51E-04 4.48E-05 8.31E-04
100 1.82E-05 2.12E-04 8.34E-05 6.41E-04

10 500 1.92E-05 1.41E-04 6.31E-05 3.01E-04
730 1.28E-05 1.18E-04 4.96E-05 2.21E-04
1000 1.14E-05 8.21E-05 3.38E-05 1.52E-04
100 5.72E-06 1.27E-04 3.71E-05 2.80E-04

2.0 500 3.57E-06 4.55E-05 1.29E-05 9.50E-05
730 2.68E-06 3.67E-05 7.79E-06 7.60E-05
1000 1.96E-06 2.18E-05 5.21E-06 4.00E-05
100 2.51E-06 6.00E-05 3.02E-05 1.17E-04

3.0 500 2.13E-06 2.08E-05 7.94E-06 4.84E-05
730 1.52E-06 1.99E-05 7.68E-06 3.57E-05
1000 3.78E-07 9.00E-06 3.29E-06 1.95E-05
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Table All.18  Permeability test results for Dartbrook cod sample (DAR 3).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 2.05E-05 8.59E-04 1.58E-04 1.81E-03
0.5 500 1.83E-05 4.23E-04 9.90E-05 1.00E-03
730 1.68E-05 4.21E-04 9.71E-05 8.91E-04
1000 1.50E-05 4.15E-04 7.14E-05 8.56E-04
100 1.94E-05 3.97E-04 1.12E-04 6.11E-04
10 500 1.65E-05 1.52E-04 6.05E-05 3.53E-04
720 1.58E-05 1.47E-04 5.94E-05 2.64E-04
1000 1.50E-05 1.21E-04 4.96E-05 1.99E-04
100 1.66E-05 1.42E-04 7.51E-05 3.72E-04
2.0 500 1.18E-05 9.92E-05 5.80E-05 2.23E-04
730 1.18E-05 9.61E-05 5.72E-05 1.71E-04
1000 1.14E-05 9.30E-05 3.00E-05 1.58E-04
100 1.60E-05 1.16E-04 4.71E-05 1.92E-04
3.0 500 9.42E-06 7.58E-05 3.65E-05 1.37E-04
730 9.20E-06 7.29E-05 1.90E-05 1.22E-04
1000 6.48E-06 6.75E-05 1.54E-05 1.02E-04
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Table All.19

Permeability test results for Dartbrook cod sample (DAR 4).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 2.64E-06 1.87E-03 1.14E-05 3.01E-03
0.5 500 1.98E-06 1.13E-03 857E-06  2.33E-03
730 1.48E-06 1.17E-03 6.25E-06 1.92E-03
1000 1.27E-06 1.03E-03 5.23E-06 1.84E-03
100 2.22E-06 1.78E-03 6.69E-06 3.09E-03
10 500 1.30E-06 1.65E-04 4.29E-06 2.98E-03
730 1.00E-06 1.01E-03 6.14E-06 1.82E-03
1000 1.18E-06 1.00E-03 3.63E-06 1.70E-03
100 1.94E-06 1.47E-03 5.85E-06 2.47E-03
2.0 500 1.15E-06 7.21E-04 6.29E-06 1.30E-03
730 1.16E-06 6.43E-04 4.29E-06 1.09E-03
1000 9.99E-07 2.01E-04 2.87E-06 3.51E-04
100 1.80E-06 3.81E-04 3.08E-06 6.88E-04
3.0 500 1.17E-06 9.71E-05 2.55E-06 2.32E-04
730 9.25E-07 8.11E-05 2.11E-06 1.56E-04
1000 7.62E-07 7.05E-05 1.58E-06 1.21E-04
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Table All.20

Permesdbility test results for Dartbrook coa sample (DAR 5).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy4 to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 3.29E-06 1.14E-04 1.29E-05 2.92E-04
500 2.43E-06 7.74E-05 8.19E-06 1.51E-04
0.5 750 2.00E-06  6.55E-05 952E-06  1.02E-04
1000 2.01E-06 6.05E-05 6.12E-06 1.00E-04
100 2.47E-06 9.57E-05 7.18E-06 1.81E-04
500 1.88E-06 7.97E-05 5.51E-06 1.53E-04
10 730 1.76E-06 7.47E-05 3.91E-06 1.44E-04
1000 1.58E-06 5.93E-05 4,09E-06 8.99E-05
100 2.36E-06 7.52E-05 7.03E-06 1.55E-04
500 2.11E-06 6.61E-05 4.86E-06 1.12E-04
2.0 750 1.72E-06  5.62E-05 3.48E-06 1.00E-04
1000 1.35E-06 5.21E-05 3.88E-06 9.97E-05
100 2.36E-06 4.75E-05 5.02E-06 1.02E-04
500 1.58E-06 1.39E-05 4.45E-06 2.57E-05
3.0 750 1.16E-06 1.12E-05 327E-06  2.49E-05
1000 1.05E-06 1.00E-06 3.50E-06 2.01E-06
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Table All.25 Permeability test results for Tahmoor (800 pand) cod sample (TAH 1).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy to CO2/CH4 to Ny
(MPa) (kg) (Darcy) (Dar cy) (Darcy) (Darcy)
100 5.95E-05 3.29E-04 8.35E-05 5.11E-04
0.5 500 3.73E-05 2.45E-04 5.25E-05 4.11E-04
750 2.12E-05 2.12E-04 3.63E-05 3.71E-04
1000 1.81E-05 1.99E-04 2.93E-05 3.11E-04
100 4.91E-05 2.49E-04 7.32E-05 4.73E-04
10 500 2.11E-05 1.85E-04 5.25E-05 3.07E-04
750 1.88E-05 1.61E-04 3.70E-05 2.99E-04
1000 1.83E-05 1.42E-04 1.43E-05 2.39E-04
100 2.05E-05 1.66E-04 3.53E-05 4.54E-04
2.0 500 1.79E-05 1.50E-04 3.20E-05 2.87E-04
750 1.01E-05 9.79E-05 1.42E-05 2.85E-04
1000 1.23E-05 7.06E-05 3.45E-06 2.38E-04
100 1.00E-05 7.62E-05 1.03E-05 2.99E-04
3.0 500 9.20E-06 2.90E-05 7.43E-06 2.55E-04
750 6.94E-06 2.45E-05 5.11E-06 1.32E-04
1000 6.91E-06 2.16E-05 2.56E-06 9.55E-05
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Table All.22 Permeability test results for Tahmoor (900 pand) cod sample (TAH 2).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy to CO2/CH4 to Ny
(MPa) (ko) (Darcy) (Darcy) (Darcy) (Darcy)
100 4.22E-06 3.60E-05 5.99E-06 6.99E-05
0.5 500 1.80E-06 2.70E-05 4.52E-06 5.04E-05
730 1.47E-06 2.20E-05 4.00E-06 3.74E-05
1000 1.33E-06 2.10E-05 3.40E-06 3.74E-05
100 3.51E-06 2.73E-05 5.71E-06 5.79E-05
10 500 1.59E-06 2.22E-05 3.99E-06 3.94E-05
730 1.40E-06 2.00E-05 3.61E-06 3.66E-05
1000 1.05E-06 1.60E-05 2.88E-06 2.90E-05
100 2.55E-06 2.87E-05 4.24E-06 5.30E-05
2.0 500 1.41E-06 2.12E-05 3.21E-06 3.86E-05
730 1.20E-06 1.80E-05 2.63E-06 3.30E-05
1000 1.00E-06 9.56E-06 2.15E-06 2.59E-05
100 1.12E-06 1.38E-05 2.94E-06 2.99E-05
3.0 500 8.12E-07 1.36E-05 2.31E-06 2.86E-05
730 6.88E-07 1.17E-05 1.85E-06 2.18E-05
1000 6.20E-07 9.52E-06 1.35E-06 1.78E-05
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Table All.24 Permeability test results for Tahmoor (800 pand) cod sample (TAH 4).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy to CO,/CH,4 to Ny
(MPa) (kg) (Darcy) (Darcy) (Darcy) (Darcy)
100 3.83E-05 2.54E-04 5.99E-05 4.68E-04
0.5 500 2.34E-05 2.15E-04 4.52E-05 3.78E-04
720 2.25E-05 1.79E-04 4.00E-05 2.91E-04
1000 1.15E-05 1.25E-04 3.40E-05 2.12E-04
100 2.05E-05 2.39E-04 5.25E-05 3.96E-04
10 500 1.79E-05 1.47E-04 3.47E-05 3.68E-04
750 8.50E-06 1.44E-04 3.01E-05 2.71E-04
1000 8.20E-06 1.09E-04 2.50E-05 1.81E-04
100 1.51E-05 1.22E-04 4.80E-05 3.29E-04
2.0 500 8.20E-06 5.46E-05 3.01E-05 2.95E-04
730 6.50E-06 3.76E-05 2.92E-05 1.07E-04
1000 6.40E-06 3.25E-05 1.83E-05 8.41E-05
100 1.21E-05 6.07E-05 3.80E-05 2.19E-04
3.0 500 5.00E-06 2.92E-05 2.40E-05 1.04E-04
730 4.10E-06 2.00E-05 2.35E-05 6.12E-05
1000 4.00E-06 1.88E-05 1.19E-05 4.63E-05
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Table All.23 Permeability test results for Tahmoor (800 panel) coa sample (TAH 5).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy to CO2/CH4 to Ny
(MPa) (ko) (Darcy) (Darcy) (Darcy) (Darcy)
100 3.99E-05 2.50E-04 5.73E-05 4.98E-04
0.5 500 2.62E-05 1.90E-04 2.93E-05 3.68E-04
720 1.92E-05 1.18E-04 2.85E-05 2.60E-04
1000 1.21E-05 1.44E-04 2.56E-05 2.05E-04
100 3.01E-05 1.82E-04 3.85E-05 3.45E-04
10 500 2.11E-05 5.64E-05 2.50E-05 3.01E-04
750 1.88E-05 5.51E-05 2.33E-05 1.79E-04
1000 1.01E-05 5.08E-05 1.46E-05 1.03E-04
100 1.33E-05 3.53E-05 2.37E-05 7.72E-05
2.0 500 7.10E-06 7.80E-06 1.20E-05 3.35E-05
720 7.60E-06 1.27E-05 9.40E-06 2.79E-05
1000 1.20E-06 6.40E-06 1.13E-05 2.76E-05
100 7.00E-06 8.47E-05 1.80E-05 1.32E-04
3.0 500 5.30E-06 2.47E-05 9.60E-06 5.98E-05
730 1.17E-06 3.04E-05 6.30E-06 3.62E-05
1000 5.81E-07 2.26E-05 6.70E-06 3.50E-05
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Table All.21 Permesability test results for Tahmoor (800 pand) cod sample (TAH 8).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO; toCH4 to CO2/CH4 to N>
(MPa) (ko) (Darcy) (Darcy) (Darcy) (Darcy)

100 5.43E-05 3.41E-04 8.28E-05 5.37E-04
05 500 4.14E-05 3.18E-04 5.66E-05 4.43E-04
730 1.47E-05 2.21E-04 3.94E-05 4.10E-04
1000 1.21E-05 1.90E-04 3.29E-05 4.10E-04
100 4.57E-05 2.79E-04 5.20E-05 3.90E-04
10 500 2.07E-05 2.43E-04 3.50E-05 3.15E-04
730 1.48E-05 2.15E-04 2.29E-05 2.46E-04
1000 1.15E-05 1.71E-04 7.40E-06 2.45E-04
100 2.01E-05 1.82E-04 4.68E-05 4.83E-04
2.0 500 2.47E-06 5.64E-05 3.15E-05 3.68E-04
730 8.93E-06 4.85E-05 1.79E-05 3.59E-04
1000 3.61E-06 5.80E-05 1.30E-06 3.32E-04
100 9.98E-06 4.73E-05 2.31E-05 2.93E-04
3.0 500 2.82E-06 4.50E-05 1.55E-05 2.22E-04
730 2.65E-06 3.80E-05 9.50E-06 9.95E-05
1000 2.38E-06 1.20E-05 5.00E-07 9.86E-05
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Table All.26 Permeability test results for Tahmoor (900 pand) cod sample (TAH 9).

Gas Axial Permeability Permeability Permeability Permeability
pressure load to CO, to CHy to CO2/CH4 to Ny
(MPa) (ko) (Darcy) (Darcy) (Darcy) (Darcy)
100 3.40E-06 3.60E-05 5.73E-06 5.61E-05
0.5 500 1.30E-06 2.77E-05 3.16E-06 4.32E-05
750 1.27E-06 2.35E-05 2.95E-06 3.85E-05
1000 1.15E-06 2.32E-05 2.65E-06 3.64E-05
100 2.01E-06 3.42E-05 3.24E-06 5.29E-05
1.0 500 1.21E-06 2.67E-05 2.65E-06 4.16E-05
750 1.17E-06 2.34E-05 2.21E-06 3.46E-05
1000 5.81E-07 2.12E-05 1.72E-06 3.26E-05
100 1.40E-06 2.25E-05 2.60E-06 4.99E-05
2.0 500 6.67E-07 1.40E-05 1.47E-06 4.27E-05
750 5.71E-07 1.01E-05 1.25E-06 3.19E-05
1000 5.13E-07 6.76E-06 9.98E-07 3.01E-05
100 6.10E-07 7.57E-06 1.43E-06 3.11E-05
3.0 500 4.31E-07 7.33E-06 1.32E-06 2.91E-05
750 3.83E-07 6.51E-06 1.02E-06 1.92E-05
1000 3.31E-07 4.84E-06 8.30E-07 1.89E-05
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