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ABSTRACT
Gas emission and outburst phenomena in underground coal mines continue to be
hazards.

The aim of this study has been to investigate the gas/coal system, in

particular the relationships between coal type, pore nature and gas sorption of a range
of coal ranks. Fundamental associations between these parameters and gas emission
and outburst phenomena are presented, using examples from operating mines in the
Bowen Basin, Queensland, Australia and Huntly Coalfield, New Zealand.

Petrographic analysis of coal from the Bowen Basin shows bright coal to be Vitriniterich and dull coal to be inertinite-rich.

These fundamental differences in maceral

composition have significant effects on the chemical and physical properties of the
coal. In particular, vitrinite-rich coal has a higher volatile matter content than isorank
dull coal. Physical measurements of density, porosity and surface area show vitriniterich coal is predominantly microporous and inertinite-rich coal is predominantly
macroporous. Dull coal rich in inertodetrinite has the highest mesoporosity.

The effect of these differences in the pore nature of coal is apparent in the gas
sorption behaviour of the coal. Bright coal has a higher sorption capacity than dull
isorank coal, which relates to a higher degree of microporosity and larger internal
surface area. Gas desorption from bright coal is extremely slow and is described by
a unipore diffusion model. In contrast, gas desorption from dull coal is described by
a bidisperse pore diffusion model. Initial desorption from dull coal is very rapid, with
over 50% of the stored gas released in minutes from coal lumps 8 mm in diameter,
followed by a much slower phase of desorption. An exception to this is dull coal rich
in inertodetrinite, which desorbs gas in a similar manner to bright coal.

Gas desorption from coal in the working face is complex. Different desorption rates
can be expected related to coal type (bright, dull or banded), which can result in
significant gas content gradients ahead of the face, sufficient to initiate an outburst.
Practical application ofthis has been found at No.2 Mine, Collinsville, Australia, where

(i)

bright (vitrinite-rich) lower portions of the working seam have retained higher gas
contents than the duller (inertinite-rich) upper parts; the lower parts of the seam have
a greater tendency for outbursting.

Similarly, at Leichhardt Colliery, Blackwater,

Australia, lenses of inertodetrinite-rich coal surrounded by vitrinite-rich coal have
combined to render the working seam extremely outburst-prone.

Gas contents of Subbituminous coal from Huntly Coalfield, New Zealand, are low, due
to the competing effects of moisture at sorption sites. Conversely, gas pressures are
relatively high, due to the shape of the adsorption isotherm for this coal.

Gas

desorption is very rapid, related to the high degree of macroporosity inherent to the
coal. Major gas emissions, therefore, appear as “blowers" ratherthan outbursts in this
situation.

Outburst-proneness is increased bythe presence of coal with Iow strength, and a high
gas retention capacity resulting from slow desorption in-situ.

The problem is

exacerbated further when these factors are coupled with high face advance rates, that
increase the gas content gradient in the face area. High rank Bowen Basin coals rich
in vitrinite or inertodetrinite have both Iow strength and slow desorption rates.
Consequently, these coals are frequently associated with outburst-prone conditions.

(ii)
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CHAPTER 1

INTRODUCTION

1.1

GAS FROM COAL SEAMS - HAZARD AND RESOURCE

Two major gases are associated with coal seams, methane and carbon dioxide.
Methane is generated as a result of the Coalification process (Juntgen and Karweil1
1966). Carbon dioxide is often introduced to the seam as a result of the presence of
igneous intrusions (Stutzer, 1936; Smith and Gould, 1980), which may or may not be
in contact with the seam. Both gases pose a hazard when encountered in sufficient
quantities in the seam.

Methane is explosive in the range of 5-15 percent in air.

Carbon dioxide is not a Iife supporting gas, and at concentrations above 1-2 percent
in air it begins to have major detrimental physiological effects.

The discharge of gas from coal may take place in three ways: it may flow evenly from
the pores and fissures of the coal; it may escape from the coal in the form of more or
Iess persistent "blowers," issuing from some fissures or canal; or it may burst out
suddenly in great quantities into the mine workings. The two latter cases are the rarer
but the more dangerous ones to deal with in the mine workings.

Methane explosions have proven to be a major hazard to underground coal mining
since the sixteenth century. This hazard has generally been overcome by diluting the
gas emitting from the coal, by large quantities of ventilating air, to concentrations
belowthe explosive limit. Another precaution has been to reducethe possible sources
of ignitions by the use of flameproof electrical equipment. Unfortunately, ignitions of
methane still occur today.

Violent ejections of coal and gas from the working seam have plagued underground

2
mining operations for over a century.

These phenomena are referred to as

instantaneous outbursts and have been ably reviewed by Hargraves (1993, 1983,
1980, 1958). Outbursts can range in size from a few tonnes to thousands of tonnes
of coal with corresponding gas volumes from tens of cubic metres to hundreds of
thousands of cubic metres. Gas compositions can vary from predominantly methane
to carbon dioxide, with mixed gases in between. Carbon dioxide outbursts tend to be
more violent, although there is always the added risk of a subsequent explosion
accompanying a methane outburst. Fatalities continue to occur from outbursts (eg
West Cliff Colliery, New South Wales, Australia, 1994) and the phenomenon is not
totally understood with respect to the gas/coal system.

The common appearance of outburst events resembles someone opening the top of
a shaken carbonated soft drink. The coal is often in pulverised form and appears to
flow, although some incidents are merely large face or floor heaves and associated
gas release. In the vicinity of the outburst, a gas haze is often seen associated with
temperature differential.

Since the 1950,s there has been an increasing application of methane drainage from
the working seam and gas recovery from old mine workings βZance, 1954; Morris,
1982; Hargravesand Lunarzewski, 1985; Battino etal., 1989). These practiceswere
implemented to increase mine safety and to combat the increased gas emission rates
arising from the introduction of more mechanised mining systems and greater rates
of face advance. In most cases the gas has been used for on-site heating and power.
Recent innovations in gas powered electrical generators has Ied to large on-site power
developments up to 94 MW in the case of a joint operation between Appin and Tower
Collieries in Australia (Anon, 1995). Similarly, Harworth Colliery in the United Kingdom
is a prolific producer of mine gas and is Europe’s largest producer of electricity from
this source (up to 18 MW, Heap, 1994; Shead, 1996).

Since the early 1980,s, there has been a growing interest in the recovery of coalseam
gas (predominantly methane) as a resource in its own right (Carter, 1991 a,b) using
vertical well degasification. Major investigations on methane gas production from coal

3
seams using vertical well degasification has been conducted in the United States
(Mavor et al., 1992). More detailed studies of coalseam methane recovery by surface
well degasification are progressing in Australia (Scott, 1993; Anon, 1996), New
Zealand (Vance and Cave, 1992; Cave and Newman, 1995), China, the United
Kingdom and other countries around the world (Boyer et al., 1992; Kuuskraa et al.,
1992).

1.2

PREVIOUSGASINCOALSRESEARCH

1.2.1 General

Fundamental investigations concerning the gases found in coal seams can be related
backtothe earliest coal mining (von Meyer, 1872,1873; Thomas 1876; Fischer etal.,
1932). The primary concern has always been safety related whether to:

1.

assess gas content and composition for ventilation purposes (Dunmore,
1981), in orderto reducethe hazard of methane emissions and possible
ignitions (Curl, 1978); or

2.

provide indications of outbursting of coal and gas (Hargraves, 1958;
Jackson, 1984).

This work is continuing as higher production operations must combat larger quantities
of gas into workings (Hargraves, 1993), and the greater complexity of the gas/coal
system is recognised (Levine, 1992).

1.2.2 Australian Experience

In Australia there has been considerable research related to gas in coals. Several

4
symposia have presented Australian

research

results and related overseas

experiences with respect to this topic. These are:

1.

Seam Gas in Coal Mines, Sydney, 1966;

2.

Symposium on the Occurrence, Prediction and Control of Outburst in
Coal Mines, Brisbane, 1980;

3.

The Co-ordinating Committee on Outburst Related Research MiniSeminar series -

No.1 - Regional outburst-proneness of coal seams, Leichhardt, 1981.

No.2 - Prediction techniques currently in use and being researched in
Australian coal mines (R.J. Williams editor), Bowen, 1982.

No.3 - Alleviation of coal and gas outburst in coal mines (R.D. Lama
editor), Sydney, 1983.

No.4 - Outburst control in Australian coal mines, (A.J. Hargraves editor),
Sydney, 1984.

4.

Symposium on Seam Gas Drainage with Particular Reference to the
Working Seam (A.J. Hargraves editor), Wollongong, 1982;

5.

Symposium on Gas in Australian Coals (J. Bamberry and A. Depers
editors), Sydney, 1991; and

6.

Symposium on Coalbed Methane Research and Development in
Australia (B.B. Beamish and P.D. Gamson editors), Townsville, 1992.

A symposium-cum-workshop on the management and control of outbursts in
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underground coal mines was held in Wollongong, Australia in March 1995.

The

holding of this event acknowledges the threat that the outburst problem continues to
pose to the future of underground mining in Australia.

Summaries of outburst

occurrences and fatalities caused by outbursts in Australian coal mines are presented
in Tables 1.1 and 1.2.

Both the major coal producing basins, Bowen and Sydney,

have suffered from this phenomenon at depth, although it can be seen from Table 1.1
that outbursts in the Bowen Basin have occurred at much shallower depths.

Table 1.1 Summary of Australian outburst occurrences (in part from Hargraves, 1983 and
Harvey, 1995)
Colliery

Year(s)

Seam

Depth
(m)

Number

Maximum
size (t)

Gas

1969 - 1995

Bulli

520

11

88

CH4

Brimstone

1995

Bulli

2

30

CO2

Bulli

1972

Bulli

380

1

100

CH4 & CO2

Coal Cliff

1961

Bulli

450

2

2

CH4 & CO2

1967 - 1995

Bulli

400

4

50

CH4 & CO2

1980

Bulli

220

2

100

CO2

1895 - 1995

Bulli

400-450

40

300

CO2 minor
CH4

North Bulli

1911

Bulli

370

1

1

CH4

South Bulli

1991 - 1995

Bulli

400

7

300

CO2

Tahmoor

1981 - 1985

Bulli

410

88

400

CO2

Tower

1981 - 1995

Bulli

480

19

80

CH4

West Cliff

1977- 1995

Bulli

480

250

320

CH4

Collinsville
State Mine

1954- 1961

Bowen

215-235

13

500

CO2

Collinsville
No.3 Mine

1972

Bowen

230

2

1

CO2

Collinsville
No.2 Mine

1978 - 1981

Bowen

250-265

7

35

CO2

Leichhardt

1975 - 1982

Gemini

370

200 +

500

CH4

1980 +

C
Upper

130

2+

20

CH4

Sydney Basin
Appin

Corrimal
(Cordeaux)
Kemira
Metropolitan

Bowen Basin

Moura
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Table 1.2 Summary of Australian fatal outbursts (in part from Harvey, 1995)
Colliery

Year

Fatalities

Size (t)

Gas

Metropolitan

1896

3

unknown

CO2

Metropolitan

1926

2

140

CO2

Metropolitan

1954

2

90

CO2

Tahmoor

1985

1

400

CO2 & CH4

South Bulli

1991

3

300

CO2

West Cliff

1994

1

300

CO2

Collinsville
State Mine

1954

7

500

CO2

Leichhardt

1978

2

350

CH4

Sydney Basin

Bowen Basin

The violence often associated with carbon dioxide outbursts is highlighted by the
corresponding number of fatalities (Table 1.2), which continue to occur despite many
years of research into the problem. Outbursts in the Bowen Basin have been non
existent since the early 1980,s, primarily due to the Iack of mine development in gassy
areas. Roberts (1995) quotes Peter Allonby1 general mine manager at BHP’s Appin
Colliery, as saying, "Seams in Queensland are becoming deeper and are known to be
as gassy and have similar structures to those commonly associated with the Bulli
seam outbursts.

Outbursts have been recorded at Leichhardt Colliery and at

Collinsville and as other mines in other areas become deeper they should also
consider the risk". This would appear sound advice given the history of outbursts in
Australia, and the temptation to become complacent once the incidents diminish.

Coal mine explosions also pose a hazard to underground operations in Australia,
which has a history of fatal incidents (Table 1.3). The most recent occurred at Moura
in 1994. Improved ventilation practices and the use of seam gas drainage has helped
to reduce the frequency of these events. Again a better understanding of the gas/coal
system is essential to maximising the benefits of the gas drainage.
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Table 1.3 Summary of underground gas explosions in Australian coal mines
resulting in two or more fatalities from 1920 - 1994 (Modified from Rowlands,
1993 - Note: the term "gas" implies CH4)
Colliery

Year

Fatalities

Comments

Redhead

1926

5

Gas explosion

Appin

1979

14

Explosion underground

Redbank

1928

4

Gas explosion

Hart’s Aberdare

1936

4

Gas explosion

Ebb Vale No.3

1945

4

Gas explosion

Aberdare
extended

1954

2

Gas explosion

Box Flat

1971

17

Gas and dust explosion

Kianga No.1

1975

13

Gas and dust explosion

Moura No.4

1986

12

Gas and dust explosion

Moura No.4

1994

11

Gas and dust explosion

New South Wales

Queensland

Most previous research and development on gas from coal seams prior to 1990 has
been performed by the Australian Coal Industry Research Laboratories (ACIRL), the
Commonwealth Scientific and Industrial Research Organisation

(CSIRO), the

University of New South Wales and the University of Wollongong in association with
coal mining companies. Since then, there has been a wider research effort boosted
by interest in the coalseam methane prospects of the Bowen and Sydney Basins. The
major work to date has covered:

1.

Investigation of gas adsorption/desorption and comparison of methane
and carbon dioxide (e.g. Beamish and O’Donnell, 1992; Faiz etal., 1992;
Lama, 1986; Bartosiewicz and Hargraves, 1985).

2.

Investigations of permeability of Australian coals (e.g. Paterson et al.,
1992; Koenig etal., 1992a,b; Davidson, 1992; Battino, 1991; Xue and
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Thomas, 1991; Bartosiewiczand Hargraves, 1985; Lingard etal., 1984).

3.

Computer modelling of fluid flow (by University of NSW and ACIRL, e.g.
Stevenson etal., 1991; Ivanovic etal., 1985).

4.

Well completion, stimulation and production testing (e.g. Koenig et al.,
1992a,b; Jeffrey etal., 1992; Lewis θtal., 1992; Morales and Davidson,
1992; Paterson and Wold, 1992; Jeffrey, 1990).

5.

Investigations of gas outburst phenomena, in-seam drainage and mine
gas flows (e.g. Caffery etal., 1992; Thomson and Hungerford, 1992;
Lunarzewski, 1992; Williams etal., 1992; Williams, 1991a,b; Battino,
1986; Beamish etal., 1985; Anon, 1984; Rixon, 1983; Marshall, 1981).

General gas assessment work in the Sydney and Bowen Basins of Australia is
routinely performed by measuring gas contents of all coal seams as input to
underground mine planning of ventilation. A gas content measurement standard has
been drawn up by the Australian Standards Association after consultation with
representatives from the coal industry, universities and relevant government institutions
(Australian Standard AS 3980-1991 Guide to the determination of desorbable gas
content of coal seams - Direct Method). The terms used in that standard are adopted
in this thesis. These are:

Desorbable gas content (Q0) is the sum of Iost gas content (Q1) and measurable gas
content (Q2).

Total desorbable gas content (Qτo) is the sum of Iost gas content, measurable gas
content and residual gas content (Q3).

l∙θ

QjD

=

θι ÷ Qg + Q3

Truong and Williams (1989) looked at gas content and composition of Australian coals,
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and highlighted the variations that occur. They concluded the processes controlling
the eventual in-situ gas content of coal are highly complex and cannot be explained
by simple geologic factors.

Regional outburst-prone areas have been identified by applying desorbable gas
content limits of 9 m3∕t for methane and 5 m3∕t for carbon dioxide, although these have
been reviewed following the past two outburst occurrences fΓable 1.1). The New
South Wales Department of Mineral Resources has implemented a set of standard
practices for dealing with underground coal mining, which require gas contents to be
known in advance of any mining (Harvey, 1995). At the forefront of these procedures
is the quick crush gas content method developed by GeoGAS Pty Limited (Williams
and Weissman, 1995)

Essentially , this is a modified version of the Australian

Standard, which obtains a fast and reliable result that is supplied to mining operations
to decide on a safe mining procedure for the conditions established.

1.2.3 NewZeaIandExperience

Several major explosions in New Zealand coal mines have been initiated by ignitions
of methane, often resulting in fatalities or injury (Table 1.4). Other minor gas incidents
have also occurred, some of which are symptomatic of outburst phenomena (Table
1.5).

No physical expulsion of coal has been recorded, either due to slow mining

advance rates or other factors not yet recognised. Major emissions of gas, however,
have occurred on numerous occasions even to the point of backing up against the
ventilation (eg Wallsend -1944; Dobson -1951). Structural relationships with high gas
emissions, such as faulting (eg Huntly West -1984-1986; Wallsend -1933; Strongman
- 1941, 1957; Kaitangata - 1897, 1905) and weak coal (eg Strongman - 1956;
Kaitangata - 1902) have also been noted.
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Table 1.4 Methane explosions and major gas incidents causing fatalities or injuries in New
Zealand coal mines (excerpts from Patterson etal., 1967)
Colliery

Year

Fatalities

Injured

Comments

Ralph’s

1914

43

n/a

CH4 from a blower in an unventilated and
unexamined standing pillar area was
ignited by a naked light. A few days after
the explosion, 350,000 ft3 of gas was
measured with up to 48.1% CH4

Huntly West

1989

4

Miners temporarify asphyxiated after
breaking open a brattice stopping sealed 3
weeks earlier. Enveloped in a gas
containing 70% CH4

Huntfy West

1992

0

0

Explosion and mine sealed off

0

0

Explosion in area sealed off due to
heating

1958

4

r√a

1923

0

2

Ignition of gas injured two miners

Huntly Coalfield

Rotowaro Coalfield
Rotowaro No.1

1940

Collingwood Coalfield
Westhaven

Disastrous explosion severefy damaged
the bottom panel workings

Buller Coalfield
Millerton

Greymouth Coalfield
Brunner

1896

0

0

Disastrous explosion

Tyneside

1904

0

1

Miner slightfy burned by gas explosion

Paparoa

1909

0

0

Small explosion of CH4

Point Elizabeth

1911

1

0

Miner killed by CH4 explosion

Brunner (Dip)

1912

0

4

CH4 ignition burned four men

Liverp∞l

1921

0

0

Serious explosion of inflammable gas in
an adit, by lightning? CH4 freefy emitted
from a coalseam in adit.

Dobson

1926

9

rVa

Explosion of CH4 and coal dust. A large
outburst of gas had occurred some
months earlier. During the year, gas was
found from time to time in many of the
working places.

Paparoa

1933

1

0

CH4 explosion in back level of west
section. One man killed from an escape
of gas in the main level.
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Table 1.4 (cont’d)
Colliery

Year

Fatalhies

Injured

Dobson

1934

0

0

Explosion in east rise section. CH4
reported on several occasions in previous
months, probabfy ∞ming from goaf.

Strongman

1956

0

0

Explosion whhin a recently sealed-off area
due to combined spontaneous combustion
and inflammable gas.

Dobson

1956

0

0

Explosion and subsequent fires

Strongman

1967

19

n/a

Shot fired in O’Donnell’s place ignhed
CH4. ResuHant explosion of dust and CH4
killed 19 miners.

Ignhion of CH4 by naked light in old
workings caused explosion.

Comments

Kaitangata Coalfield
Kahangata

1879

34

n/a

Kahangata

1892

O

0

Small gas explosion ignhed by naked light.

Castle Hill

1905

O

0

Gas explosion - gas from stopping

Kahangata

1911

O

0

CH4 explosion. CH4 given off at a ,rolΓ,
ignhed a spontaneous fire.

Table 1.5 Gas incidents in New Zealand ∞al mines, symptomatic of outburst phenomena
(excerptsfrom Patterson etal., 1967)
Colliery

Year

Comments

1914

CH4 from a blower.

Huntly Coalfield
Ralph’s
Huntfy West

1984 1986

Blowers of gas reported in the vicinhy of faults when
driving the North headings.

Rotowaro Coalfield
Renown

1932

While no gas reported, the main hazard was from
en∞untering blowers of gas in headings.

1931

Sudden outburst of CH4, not Iess than 5000 ft3.

Wallsend

1889

Powerful blower of gas present in dip workings.

Liverpool

1922

Blower of gas struck in the Iow-Ievel tunnel of the
Morgan Seam.

Dobson

1926

A large outburst of gas occurred some months prior to
fatal explosion.

Murchison Coalfield
Seymour
Geymouth Coalfield
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Table 1.5 (cont’d)
Colliery

Year

Comments

Dobson

1938

A number of feeders of gas in No.4 east section. Very
strong feeder of gas in east side dip gave off 2% CH4
in return air.

Strongman

1938

Blower of gas from the floor ignited.

Wallsend

1938

5000 ft3 of 4% CH41 from a heavy gas feeder. Heavy
gas feeder fouling top corner of No.1 panel.

Strongman

1941

Faurt in east headings emitted large quantities of water
and CH4.

Wallsend

1943

A heavy blower of gas (2% CH4) and water issuing
from a small crack in the roof. Two subsequent
blowers were encountered in the same week.

Wallsend

1944

24,000 ft3 of gas (10% CH4), caused by a blower of
gas fouling the brattice in the face and creating a block
in the airway.

Strongman

1944

No.2 south development interrupted by heavy feeders
of gas.

Dobson

1948

7,000 ft3 of gas from a heavy feeder.

Liverpool

1949

Outburst of gas from a blower in a developing level.

Dobson

1951

A small feeder at the face increased to a blower. Gas
filled both intake and return side of brattice to about 30
feet back from the face (1,500 ft3 approx.) - where the
main level met a downthrow faurt.

Liverpool

1960

Troublesome gas blower in Menzie’s Dip.

Liverpool

1961

Heavy CH4 feeder caused section to be abandoned.

Kaitangata

1897

Downthrow faurt met, giving off both gas and water
fairly freely.

Kaitangata

1902

Minor gas in one heading; a blower of gas and water
struck in the Iow level. Blower decreasing in force, but
water now a steady flow; gas making off soft and faulty
coal at faces against No.2 faurt.

Kaitangata

1905

Blowers of water and gas near No. 7 faurt.

Castle Hill

1917

Blower tapped in a bord in the rise working of the
Carson seam.

Kartangata No.1

1931

Blower of CH4 struck in a prospect dip.

Kaitangata CoaIfieId

Information on gas contents of coal seams in New Zealand is limited and in many
cases is held by companies on a proprietary information basis. A review of major
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research and developments on gas in coals in NewZeaIand are summarised in Table
1.6.

Table 1.6 History of coalseam gas investigations in New Zealand
Organisation

Investigation timeframe

Investigations performed

Otago School of Mines
Coal Mining Research
Section

1953 - 1958

Mine gas emissions
Gas contents of face coal
and borecores
Seamgas pressures
Adsorption tests at
atmospheric pressures
Gas flows from in-seam
boreholes

State Coal Mines/New
Zealand Geological
Survey

1982 - 1987

Gas contents of
borecores

Southgas Joint Venture

1984 - present

Gas content of borecores
Gas flows from surface
boreholes

Westgas Joint Venture

1994 - present

Gas content of borecores

Greymouth Coal Limited

1989 - 1995

Gas content of borecores

CoaICorp - Huntly West
Mine

1989- 1992

Gas content of in-seam
borecores

CoaICorp - Mt Davy

1994 - present

Gas content of borecores
Mine gas emission
predictions

The University of
Auckland
Departments of Mining
Engineering and Geology

1989 - present

Gas contents of face
samples
ln-seam gas pressures
Mine gas emissions
Stress and permeability
effects

New Zealand was one of the first countries outside of the US to initiate a coalseam
gas project. In 1984, the Ohai Coalfield was targeted by the Southgas Joint Venture.
To date four wells have been drilled and tested (Cave and Boyer, 1989). Additional
wells have been drilled in 1995, but as yet no results are available.

Similarly, a
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programme of investigation has begun in the Greymouth Coalfield by the Westgas
Joint Venture (Cave and Newman, 1995).

1.3

SCOPE OF THE THESIS

Much of this thesis has been developed from a number of technical reports and
research publications with which the author has been associated over the past 15
years.

A complete Iist of these is given in Appendix 1. The latest laboratory and

experimental data has been integrated with earlier field results obtained while working
in coal mine operations. Research in this area is on-going through collaborative links
established since 1991 with the Coalseam Gas Research Institute (CGRI), James
Cook University of North Queensland, Australia.

Gas sorption in this thesis is used as a general term to refer to the reversible
processes of gas adsorption (gas attaching onto the internal surfaces of coal pores)
and gas desorption (gas releasing off the internal surfaces of coal pores). The more
common definition of sorption taken from Gasser (1985) is the combined processes
of gas adsorption and gas absorption (gas being taken into pores Iike a sponge).

The parameters influencing gas sorption by coals play an important role in the
extraction of coal with associated gas emissions and Outbursting phenomena, and
recovery of the gas by drainage methods. Without a better understanding of these
parameters it is difficult, if not impossible, to appreciate the complexities that arise
during both these operations. Data has been compiled from both field and laboratory
measurements of gas sorption from the Bowen Basin, Queensland, Australia (Figure
1.1) and to a lesser extent the Huntly Coalfield, New Zealand (Figure 1.2) to assess
the fundamental parameters of gas sorption behaviour.

Laboratory methane sorption studies of coal are an integral part of assessing the
gas/coal system. Two major parameters are established during these tests, namely
the sorption capacity of the coal and the diffusivity behaviour of the coal. Both these
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Figure 1.1 Locality map of the Bowen Basin showing collieries used in field
investigations and well sites of samples used in laboratory analyses
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Figure 1.2 Locality map of Huntly Coalfield and location of Huntly West Mine used in
field and laboratory investigations ( modified from Edbrooke etal., 1994)
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were studied in detail using coals from the Bowen Basin and New Zealand.

The

primary aim of the work was to establish the fundamental links between coal
characteristics and these parameters, as well as to provide a better understanding of
the sorption kinetics and their influence on gas emission behaviour. One of the main
difficulties encountered in performing this task has been attributed to the use of bulk
samples (Beamish and O’Donnell, 1992), which may maskthe identification of detailed
relationships. To remove this problem a new technique for sorption testing using a
high pressure microbalance was devised as part of a major research programme at
the CGRI.

Having obtained the laboratory data, the next step is to apply it to mine site experience
and field measurements. This has been done using the outburst-prone underground
operations of No.2 Mine, Collinsville (Figure 1.1); Leichhardt Colliery, Blackwater
(Figure 1.1) and the gassy underground operations of Huntly West Mine (Figure 1.2).
Gas emission monitoring developed at No.2 Mine (Beamish, 1990) has provided
indices for outburst-proneness assessment. This system is only now being developed
to a prototype, real time, return gas monitoring system (Williams and Slater, 1995).

In summary this thesis attempts to show the basis for the Iink between coal sorption
behaviour and the resulting experiences of gas emission and Outbursting in
underground mines.

18

CHAPTER 2

THE NATURE OF GAS SORPTION BY COAL

2.1

INTRODUCTION

This chapter reviews the literature relevant to the sorption of gas by coal. It is an on
going and extremely important area of research, designed to assist the understanding
of gas related problems in underground coal mining and more recentlyto enhance the
prospects of successful gas recovery from coal seams. In the discussion presented,
emphasis is placed on a review of those factors thought to control the quantity of gas
a coal can adsorb and the rate of gas release.

A description is provided of the

possible gas storage mechanisms in coal and the methods of data analysis used to
study sorption behaviour are outlined.

2.2

GAS STORAGE MECHANISMS IN COAL

Ghysen (1902) was one of the first researchers to highlight the fact that coal can store
many times its own volume of methane. According to his experiments, fresh coal
fragments the "size of walnuts", when pulverised may release methane up to four
times their own volume. Since in outbursts great quantities of fine coal are suddenly
thrown into the mine workings, large quantities of gas may be liberated from this single
source. All that is necessary is a force sufficient to burst the coal outward, a force
which Ghysen (1902) believed resided in the methane which accumulates between
bedding-planes and in fine fissures of the coal beds under pressure similar to that of
the gas in the pores of the coal. Faults and cleat play a similar role.

According to Demanet (1905), the phenomenon of sudden gaseous outbursts has
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been studied in detail by the Belgian mining engineer Arnould1 who came to the
conclusion that" methane may be condensed to the liquid or solid state in the pores
of the coals wherever circumstances have continually prevented its escape from the
time when accumulation began." The peculiar and sudden appearance of moisture
on freshly cut gaseous coals is thought by some to support this claim. This moisture
always disappears rapidly and may be due to the presence of liquefied methane.
Opposed to this opinion is the fact, as pointed out by Schausten (1910), that the
critical temperature of methane is -390C, which excludes the possibility that the
methane in the coal bed was in a liquid condition. It can only be in a compressed
state.

Chamberlin (1911) sought to determine whether gas is mechanically enclosed in fine
pores or fissures in the coal, whether it is dissolved in the coal, or whether it is being
continually generated. His investigations showed that the quantity of gas which can
be driven out of the samples increases as the size of the coal fragments decreases.
Atmospheric pressure had no influence, nor did the kind of surrounding gas (air,
hydrogen, or nitrogen). The most important gas driven off was methane, ethane being
next.

Some carbon dioxide, carbon monoxide, and nitrogen were present.

Chamberlin concluded from his experiments that the gas was mechanically enclosed.
Graham (1921-22, 1937-38), came to similar conclusions after conducting laboratory
studies on the adsorption of methane by coal.

Van Der Sommen etal. (1955) reported on methane adsorption isotherms measured
up to pressures of 500 atmospheres. They stated that a Langmuir type isotherm was
obtained which appeared to decrease at pressures above 150 atmospheres.

These

observations were interpreted as defining a saturation value of methane for a particular
coal and was in agreement with a calculated ultra-fine pore volume based on work by
Zwietering and van Krevelen (1954). It was inferred that this ultra-fine pore volume
controlled the amount of methane adsorbed.

Moffat and Weale (1955) examined the adsorption capacity of a number of British
coals at pressures up to 1000 atmospheres. They found that methane was adsorbed
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physically, and that the adsorption increased rapidly with increasing pressure up to
150 atmospheres; thereafter, it increased more slowly.

They proposed that the

sorptive capacity for methane is dependent on the ultra-fine structure of the coal. Jolly
et al. (1968), reported that the adsorption of methane on coal is reversible and the
adsorption isotherms fit the Langmuir adsorption model (Langmuir, 1918).

The most widely accepted model of gas storage by coal seams assumes that the gas
primarily resides in the coal as an adsorbed layer on the internal coal surfaces, or as
a free gas in large pores and fractures (Curl, 1978; Gray, 1987).

Gas in coals is

thought to occur mainly in the adsorbed state, as a monomolecular layer 4 A thick on
the pore surfaces (Wyman, 1984). The adsorbed layer accounts for 90-98% of total
methane (Barker-Read1 1984; Gray, 1987) with the remaining small amount of gas,
2-10%, within the open pore spaces (e.g. macropores, fractures).

2.3

SORPTION ISOTHERMS

2.3.1 Introduction

Sorption isotherms are generated under controlled laboratory conditions by measuring
the amount of gas adsorbed by the coal at given pressures and a fixed temperature.
They have four primary uses:

1.

To describe the gas sorption capacity of coal as a function of pressure;

2.

To estimate the gas content of a coal in-situ;

3.

To determine the pressure at which gas will be released from a coal
seam; and
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4.

To calculate the likely amount of gas which can be recovered based on
the difference in seam gas pressure and the final completion pressure
of desorption.

To assist in computer modelling of gas flow from coal seams it is normal practice to
describe the isotherms by an equation.

2.3.2 Isotherm Equations

Gasser (1985), suggests that since adsorption isotherms represent unique results of
experimental observations there is no reason why each gas-solid system should not
have an individual shape of isotherm. Generally, however, an isotherm will fit one of
five main types (Gregg and Sing, 1967). These are illustrated in Figure 2.1. Some
ofthese are associated with multilayer formation and others with condensation of gas
in capillaries to form a pseudo-liquid.

Type I isotherms are the most applicable to the adsorption of gas by coal, with the
most common form being the Langmuir isotherm (Langmuir, 1918). It has the general
form :

where,

V
P
a,Vl

=
=
=

abP

_ VLP

1 +bP

Pt+P

volume adsorbed
absolute gas pressure in atmospheres
maximum sorptive capacity of coal

b

=

pressure scaling coefficient

PL

=

1/b

=

Langmuir pressure coefficient

(2.1)
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Pressure

Uptake

Pressure

Figure 2.1 The five adsorption isotherms (from Gasser, 1985)
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The underlying assumptions of the Langmuir isotherm are:

1.

Adsorption is localised and takes place only through collision of gas
molecules with vacant sites;

2.

Each site can accommodate one and only one adsorbed particle; and

3.

The energy of an adsorbed particle is the same at any site on the
surface, and is independent of the presence or absence of nearby
adsorbed molecules.

To test the validity of a Langmuir fit, PΛ∕ is plotted against P, which should yield a
straight line.

Early adsorption studies determined that not all experimental data obeyed the
Langmuir isotherm. An alternative isotherm was proposed by Freundlich (1926), which
was initially empirical. The isotherm form is:

V = cP1/n

(2.2)

where c and n are quantities dependent on temperature, and c also depends on the
units employed for measurement,

n, which is always greater than unity, is

characteristic of the particular system which is studied.

Gregg and Sing (1967), point out that since the amount adsorbed is proportional to a
fractional power of the pressure, the Freundlich isotherm is similar to the Langmuir
isotherm in the region of moderate coverage. Also, by a suitable choice of constants,
the two isotherms can be made almost coincident. The Freundlich isotherm however,
is often obeyed over wide ranges of adsorbed amount and also by systems which do
not obey the Langmuir isotherm.
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To test the validity of a Freundlich fit, Iog V is plotted against Iog P, which should yield
a straight line. The empirical form of the Freundlich isotherm, V = cP17n, suggests that
V increases indefinitely as P increases. As experimental isotherms always seemed
to approach saturation at high pressures, it was at one time thought that the
Freundlich isotherm was invalid. However, in agreement with experiment, the nonempirical forms of the isotherm have been shown to imply that a saturated state is
reached at P = 1∕a0.

According to Gregg and Sing (1967), of the two isotherms considered so far, the
Freundlich isotherm is likely to be more widely obeyed than the Langmuir isotherm.
A third isotherm option is the Temkin isotherm (Brunauer etal., 1942), of the form:

V = KInA0P

(2.3)

where, K and Ao are constants related to the enthalpy of adsorption.

To test the validity of a Temkin fit, V is plotted against InP1 which should yield a
straight line.

Once again the above form of the isotherm suggests there is no

saturation state. This is because the equation does not strictly apply at high pressures
and high coverage - the more exact forms of the isotherm do in fact approach
saturation as P approaches infinity.

Adsorption tests on Australian coals by Lama (1986), have closely approximated the
Langmuir isotherm equation, althoughTruong and Gray (1984), provided an alternative
fit to data from the Moura C coal seam at Blackwater similar in form to the Temkin
isotherm.

Patching and Mikhail (1986), compared both Langmuir and Freundlich

isotherm equations against experimental adsorption results from Canadian coals.
They concluded either form could reasonably approximate the experimental data.
However, it is more common practice to adopt the Langmuir isotherm equation for coal
as it provides a more manageable form for modelling purposes.
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Kim (1977), produced an empirical adsorption isotherm equation analogous to a
Freundlich isotherm, which was based on tests performed on eighteen American coals
ranging in rank from Subbituminous to anthracite.

The isotherm equation was

determined from the proximate analysis data for the coal. It could then be used to
estimate the methane content of coals. Kim concluded that reasonable agreement
could be obtained with values determined by the direct method (McCulloch and
Diamond, 1976), of gas content measurement for coals. The same equations have
been applied to Canadian coals (Feng etal., 1984), and NewZeaIand coals (Beamish
and Vance, 1990). Once again reasonable agreement was obtained with the direct
method gas content values.

2.3.3 Isotherm Equations Applied to Bowen Basin Coals

Beamish (1991), reviewed published and unpublished adsorption isotherm data on
Bowen Basin coals (Truong and Gray1 1984; Reeves and O’Neill, 1989; Rakop and
Bell, 1988; Bell, 1990), to compare experimentally generated methane adsorption
isotherms with the theoretical isotherms of Langmuir, Freundlich and Temkin and
calculated isotherms from the equation of Kim (1977). Comparison of Kim’s equation
with Bowen Basin coal data had not been published previously.

Rakop and Bell (1988) performed adsorption tests on core samples taken from an
exploration well in the Bowen Basin. Standard test procedures adopted by Rakop and
Bell (1988) were essentially the same as those used by Ruppel et al., (1972). This
method is a volumetric technique where changes in the number of moles of gas are
measured within the sample vessel and an associated reference vessel. All pressure
tests were conducted at a temperature of 46 0C and a moisture content of
approximately 5% to ensure the test samples exceeded the critical moisture content.

Using this data as an example, the three standard isotherm equations all provide a
reasonable fit to the experimental data (Figure 2.2). However, at the higher pressure
end of the graph it is the Langmuir isotherm which provides a better fit and can be

Figure 2.2 Comparison of standard isotherm equation fits to laboratory
data obtained by Rakop and Bell (1988)
ΓO
σ>
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seen to be monotonically approaching a maximum sorption value, close to that
indicated by the experimental data.

2.4

SORPTION RATE

2.4.1 Introduction

Present models of methane flow through a coal seam indicate adsorbed methane,
after desorption into the gaseous phase, must diffuse through the pore structure of the
coal matrix until it reaches a cleat (King 1985; King and Ertekin 1989a,b; Harpalani
and Schraufnagel 1990a,b). Gas then flows freely through the cleats to a well or mine
roadway in response to a pressure gradient (Figure 2.3).

The diffusion is usually

modelled using Fick’s Law and the free flow is modelled using Darcy’s Law. Darcy’s
Law describes the flow of water through porous media that contains pores of uniform
cross-section and of uniform packing, so that pore size, shape, distribution and the
connectivity of pores are grouped together under the one parameter, permeability.

From Darcy’s Law the general behaviour of methane flow through macroscopic
structures in coal such as the natural cleat network has been modelled, since the
cleats are regarded as having a uniform pore geometry (size, shape and spacing) that
is representative of coal as a whole. Moreover, the model assumes that the matrix
blocks, as defined by the cleats, comprise micropores of the same diameter.
According to this model of gas flow through coals (Figures 2.3), gas migration is
governed bytwo main factors. First, the distance methane has to diffuse is dependent
upon the face and butt cleat spacing that delineates the size of the matrix blocks in
the coal. Second, the amount of gas flowing through the cleat is dependent upon the
width, length, continuity and permeability of the cleats.

Although this model of methane transport through coal may well apply to
predominantly bright coal seams where the cleats are open and unmineralised, the
nature of gas flow through coals in the Bowen Basin, as indicated by studies of

Increasing Magnification

Internal Coal Surfaces

Diffusion through the
Matrix and Micropores

Fluid Flow in the Natural
Fracture Network

Figure 2.3 Simplified model of methane transport through coal (from King, 1985)
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Figure 2.4 Complex model of methane flow through banded coal microstructure
(from Gamson etal., 1993)
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sorption behaviour and SEM analysis, is perhaps more complex (Beamish and
Gamson1 1993; Gamson etal., 1993). A schematic representing this complexity is
illustrated in Figure 2.4.

2.4.2 Gas Diffusion in Coal

Despite the practical necessity for information about gas diffusion through coal, little
work has been done to establish diffusion coefficients of gases in coal (Olague and
Smith, 1989).

Some of the more important studies are listed in Table 2.1.

Table 2.1 Important studies on gas diffusion in coal
Researcher(S)

Year

Model Type

Shape

Gas(es)

Coal Tested

Bolt & Innes

1959

Unipore

Spherical

CO2

Australia &
Canada

Sevenster

1959

Unipore

Spherical

O2, H2O

South Africa

Thimons &
Kissell

1973

Unipore
Knudsen

Spherical

CH4

US

Nandi & Walker

1975

Unipore

Spherical

CH4

US

Smith &
Williams

1984

Bidisperse

Spherical

CH4

US

King et al.

1986

Dual
Porosity

Uses a
factor

CH4

US

Basu etal.

1990

Unipore

Spherical

CH4, CO2

Bulli Seam

These studies have been of three different types:

1.

By passing a gas through a solid coal disc and measuring the pressure
drop and flow rate, a diffusion coefficient may be calculated (Thimons
and Kissell, 1973; Smith and Williams, 1984a,b).

2

Using the gas solid chromatography method to measure diffusion
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parameters for gases in coal (Olague and Smith, 1989).

3.

After undergoing a step-change in surface concentration, the rate of
sorption from small particles is used to determine a diffusion coefficient
(Bolt and Innes, 1959; Sevenster, 1959; Bielicki etal., 1972).

The latter technique has been used in this study.

The release of methane from small coal particles is considered as a two-stage
process. Desorption of methane from the pore internal surfaces followed by diffusion
through the pores. According to Ruppel et al. (1974), since methane is physically
adsorbed on coal, the time required for desorption is negligible compared with the
diffusion step.

Historically, the unipore diffusion model has been applied to coal

(Airey, 1968; Sevenster, 1959; Walkerand Mahajon, 1978), although Investigatorsare
in some disagreement concerning the applicability of the unipore model for describing
diffusion rates over the entire timescale of desorption. Smith and Williams (1984a,b),
were able to demonstrate the applicability of a bidisperse pore diffusion model to coal.
This model was first developed by Ruckenstein et al. (1971) to account for
experimental results from bidisperse solids, while employing a minimum of parameters.

2.5

FACTORS AFFECTING SORPTION BEHAVIOUR

2.5.1 Sorption Capacity

The earliest studies found that the quantity of gas occluded in a coal depends upon
various factors, such as pressure, temperature, pyrite content, structure of the coal,
etc. Stutzer and Noe (1940) reported that "Chamberlin found coal which had been
crushed and placed in a vacuum released 0.1 to 0.4 times its own volume of methane.
If the coal was Ieft in the evacuated vessel for 6 months, the quantity of gas liberated
amounted to from 0.8 to 1.4 times the volume of the coal". Porter and Ovitz (1911)
confirmed the results of Chamberlin.

They obtained, as the greatest volume of
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combustible gas, 16.9 litres of methane from 12.2 kg of coal.

Graham (1921-22, 1937-38) noted that the adsorption capacity of the coal was
decreased by an increasing moisture content. This implies molecules of water occupy
positions on the surface of the coal which would otherwise have been available for
molecules of methane.

Moffat and Weale (1955) plotted methane adsorption at 1000 atmospheres (daf)
versus carbon content (daf). Their diagram showed a distinct U-shaped trend in the
data with a minimum at about 85-90% carbon, indicating that the adsorption of
methane by coal first decreases with increasing coalification, passing through a
minimum at about 85% carbon, and then increases with increasing coalification.
Anderson et al. (1956), Jolly et al. (1968) and Patching (1970) came to similar
conclusions.

These findings are best summarised by the work of Botham (1958)

(Figure 2.5).

Jolly etal. (1968) noted that ash played the role of an inert diluent to gas sorption, and
two samples of the same coal but slightly different carbon contents gave considerably
different adsorption results. Joubert etal. (1973 and 1974) reported on the sorption
of methane in moist coal. They observed that methane adsorption decreased with
increasing moisture content up to a certain value of moisture, characteristic for a
particular coal. Moisture present in excess of the critical value had no further effect
on methane adsorption. The critical value of moisture was found to be related to the
oxygen content of the coal. This indicated that apparently there is a strong interaction
between the polar water molecules and the surface oxygen complexes of the coal.

In the method for calculating isotherm equations based on proximate analysis data
(Kim, 1977), the underlying assumption is that adsorption always increases with coal
rank (Figure 2.6). This appears to be in conflict with the U-shaped trend of adsorptive
capacity versus coal rank discussed earlier (Moffat and Weale, 1955; Botham, 1958;
Anderson etal., 1956; Jolly etal., 1968). Kim’s 1977 diagram has now been accepted
by many authors (Curl, 1978; Eddy etal., 1982; Wyman, 1984) as representing what

Sorptive Capacity (ft.3 / ton @ N.T.P. & d.a.f.)
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Figure 2.5 General relationship of sorptive capacity versus coal rank
(from Botham, 1958)
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is known about the relationship between methane adsorptive capacity and coal rank.
This is despite the fact that data presented by Schwarzer and Byrer (1983) did not
adhere to Kim’s model but instead supported the work of earlier investigators, which
showed the adsorptive capacity of coals first decreases with coal rank then increases
with a minimum at about 85%C (daf). In the context of Australian and New Zealand
coals, no published relationships exist which substantiate a rank dependence of
sorption capacity. Bartoziewicz and Hargraves (1985) could find no correlation with
rank for Australian coals.

The effect of coal type on the sorption capacity of coals has also been subject to
differing views. Ettinger etal. (1966) reported that coals rich in fusinite sorbed more
gas than coal rich in vitrinite.

The findings of Jolly et al. (1968) for the Top Hard

seam, Welbeck Colliery in the United Kingdom do not agree with this view. They
found isotherms for ,,Brights" and "Hards" samples, with similar carbon contents on a
dry, ash-free basis, were very different.

The "Brights" sample had a maximum

sorption capacity of 23.7 cc/g, whereas the "Hards" sample had a maximum sorption
capacity of 15.9 cc/g.

Recent findings of Lamberson and Bustin (1992, 1993),

Beamish and O’Donnell (1992) and Levine et al. (1993) also support these
observations, whereas Faiz and Cook (1991) could find no maceral dependence for
coals from the Sydney Basin. Bartosiewicz et al. (1983) assessed sorption of gas on
bright, dull and mixed coal types from Cordeaux and Appin Collieries, New South
Wales.

They concluded that bright coal generally adsorbed more gas in these

samples in the lower pressure range of O - 1 MPa.

2.5.2 Sorption Rate

The relationship of coal type to gas sorption rate is even Iess well understood. The
earliest work of Stutzer (1936), Graham (1948-49) and Ettinger etal. (1966) reported
fusinite rich coals displayed the most rapid desorption rates. Zwietering etal. (1956)
found that a sample of pure vitrinite showed very slow sorption rates at 20oC,
compared to that of the parent coal from which it was obtained. However, it has also
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been suggested that coal type has little influence on gas sorption rates (Faiz and
Cook1 1991).

Similarly, the effects of coal type are poorly understood in terms of mine roadway gas
emission and Outbursting (Jackson, 1984), and have generallybeen overshadowed by
the inferred relationships with coal rank. Hargraves (1980) noted the physical nature
of coal is much Iess understood than their chemical nature.

Some early workers

referred to coal type as a basis of outburst-proneness (Hargraves, 1958), but there
appears to be no substantiation of this in Australian experience. Only one paper (Hunt
and Botz, 1986) has been published on this aspect of Australian coals and the case
was very site specific with little supporting data. Hargraves (1962) commented that
some variation in emission has been noticed ofthe various coal types within one seam
at one location, but to date this has not been studied in great detail. His tests on 14+25 mesh samples, with CO2 as the seamgas indicated a higher desorption rate for
duro-clarain samples as opposed to vitrain samples. This variation is also displayed
by gas content measurements on seam plies.
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CHAPTER 3

COAL SAMPLES AND ANALYTICAL DATA

3.1

SAMPLE SELECTION

Bowen Basin coals used for laboratory investigations in this study were selected from
several well-sites (Figure 1.1), as part of a coalbed methane assessment programme
(Beamish and Gamson, 1993). Core material was obtained and handpicked samples
taken from adjacent bright and dull coal bands to encompass a range of coal ranks
and coal measure sequences from the basin (Table 3.1).

Replicate splits of this

material were used for physical and coal analytical measurements including proximate
analysis, petrographic analysis, helium density, mercury porosimetry, surface area and
methane sorption.

These coals have also been described in terms of their

microstructure using scanning electron microscopy (Gamson and Beamish, 1991;
Gamson etal., 1993).

The Huntly Coalfield sample was from the Kupakupa seam at the Huntly East Mine
(Table 3.1), and was a run of mine sample supplied bythe Coal Research Association
of New Zealand Inc. The closure of the Huntly West Mine in 1992, after earlier field
investigations at this mine in 1989 and 1990 (see Appendix 6), precluded the collection
of a sample of fresh coal for sorption testing. It was considered that the Huntly East
Mine sample used would be indicative of coal from this area and provide satisfactory
data for explaining the minesite observations. The coal is also much lower in rank
than the Bowen Basin samples.
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Table 3.1 Coal samples used in laboratory investigations
Sample

Location

Depth
(m)

Coal Measures

Seam

Rank

ERDC1

Well 3

403.00

Baralaba

,,0"

hvAb

ERDC2

Well 3

468.70

Baralaba

"3"

hvAb

ERDC3

Well 3

502.10

Baralaba

'ι4i1

hvAb

ERDC4

Well 3

503.50

Baralaba

ι∣4∣ι

hvAb

ERDC5

Well 3

590.61

Baralaba

ERDC6

Well 1

390.60

Rangal

Leichhardt

mvb

ERDC7

Well 2

563.27

Baralaba

,,D"

mvb

ERDC8

Well 5

673.59

Rangal

Leichhardt

Ivb

ERDC9

Well 5

790.60

Fort Cooper

Girrah Upper

Ivb

ERDC10

Well 1

390.60

Rangal

Leichhardt

mvb

150

Waikato

Kupakupa

subA

Bowen Basin

Iiyii

hvAb

Huntly Coalfield
52/085

Huntly East
Mine

Well locations are shown in Figure 1.1

3.2

ANALYTICAL DATA OF COAL SAMPLES

3.2.1 Proximate Analysis

Samples were sent to the Division of Coal and Energy Technology of the
Commonwealth Scientific and Industrial

Research

Organisation

(CSIRO), for

measurement of helium density, mercury porosimetry and surface area. Proximate
analyses were done on these samples by CASCO Ltd, Mackay, Queensland using
Australian Standard AS 1038.3-1989.

To complement the microbalance sorption

studies performed at the Coalseam Gas Research Institute (CGRI), reported in
Chapters 5 and 6 of this thesis, a thermogravimetric (TG) technique for determining
proximate analysis (Elder, 1983) was improved at The University of Auckland
(Beamish, 1994). This enabled much better comparison ofthe analytical data with the

39
actual sample being tested in the microbalance. The sorption isotherm samples were
already prepared to the standard proximate analysis particle size of <212 μm, but the
small blocks used for sorption rate studies in the microbalance were sectioned, and
the cuttings obtained crushed to <212 μm for proximate analysis.

Using the TG

technique sample amounts of Iess than 20 mg were able to produce proximate
analysis results which were within the acceptable limits for repeatability and
reproducibility (Beamish, 1994). The technique developed is detailed with refinements
in Appendix 2, and summarised below.

Approximately 15 mg of sample is heated under nitrogen to 110oC at 50oC per minute,
and held at this temperature for 5 minutes. The weight Ioss recorded is the moisture
content of the coal, which correlated well with that measured by standard moisture
tests.

To simulate the standard ash and volatiles measurements required some

rationalisation in the procedure adopted, because ash is normally measured by
combusting the coal at temperatures up to 815oC, while volatiles, which must be done
in non-combusting conditions are carried out at 900oC. It was found that this difficulty
could be overcome by heating the coal from 110oC up to 900oC at 50θC per minute
under nitrogen, holding for a certain time, then switching the gas flow to air. The
weight Ioss before the switch correlated well with volatiles, while the weight residue
after the combustion stage correlated well with the ash content as determined by
standard methods. The technique was found to be suitable for both Australian and
New Zealand coals.

3.2.2 Petrographic Analysis

Petrographic analyses on the Bowen Basin samples were supplied by Dr Peter
Crosdale of the Coalseam Gas Research Institute, James Cook University of North
Queensland. Sections were cut from the coal blocks used in sorption rate studies in
the microbalance, mounted in epoxy and polished for maceral analysis. Point counting
of the macerals was performed on a regular grid over the entire surface.
Approximately 250 to 500 points were counted per sample.
for these analyses is described in Table 3.2.

The nomenclature used
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Table 3.2 Petrographic nomenclature for macerals referred to in this thesis (from Australian
Standard AS 2856-1986 Coal maceral analysis)
Maceral
group

Maceral

Features

Vitrinite

Telinite

intact plant material derived from trunks, stems, r∞ts and leaves;
when plant cell structures are not visible the sub-maceral term
telocollinite is used

Collinite

structureless vitrinite derived from organic gels but includes attrital
Vitrinite when not distinguishable under standard microscopic
conditions; when forming a matrix for other macerals and submacerals the term desmocollinite is used

Vitrodetrinite

attrital vitrinite

Fusinite

highfy reflecting, yellow to white, often with well preserved cell
lumina, high polishing relief

Semifusinite

grey to white, intermediate reflectance between vitrinite and
fusinite, well preserved cell lumina showing varying degrees of
compaction

Micrinite

distinctive granular appearance with individual grains <0.002mm

Macrinite

amorphous inertinite in the form of spheroidal bodies, elongate
strands or as a groundmass

Sclerotinite

round to oval shaped bodies and plectenchyme tissue derived
from fungi

Inertodetrinite

fragments of other inertinites >0.002mm and <0.03mm in longest
dimension

Sporinite

individual round, triangular or spindle shaped forms derived from
the outer walls of spores and pollens

Cutinite

thin, elongate, serrated or non-serrated bands derived from Ieaf or
stem cuticle

Resinite

circular, oval or rod shaped bodies derived from plant resins,
waxes and oils

Alginite

two types:
1) telalginite : discrete algal bodies which are spherical to disc
shaped
2) Iamalginite : finefy lamellar, irregular and anastomosing layers

Suberinite

rectangular or irregularly pofygonal form derived from periderm
tissue (particularly cork) of branches, roots etc

Fluorinite

highfy fluorescent type of resinite derived from terpene resins

Bituminite

fine grained groundmass simiter in appearance to clays

Exsudatinite

infilte cracks and voids; se∞ndary in origin

Liptodetrinite

detrital Iiptinite which cannot be assigned to any particular maceral

Inertinite

Liptinite
(Exinite)
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3.2.3 Rank and Maceral Effects on Analytical Data

Proximate and petrographic analysis data for the coals are contained in Tables 3.3
and 3.4 respectively. The Bowen Basin coals investigated ranged in rank from high
volatile bituminousAto Iow volatile bituminous, as indicated bythe vitrinite reflectance
measurements (Table 3.4). Generally, the rank indication from the proximate analysis
data of the solid blocks used for petrographic analysis (38.0 to 14.9% volatile matter,
dry, ash-free (daf)), agrees with the vitrinite reflectance measurements (R0 max 0.81
to 1.66%) ifthe bright coal information is used. However, as seen in Figure 3.1, bright
coals have a higher volatile matter content than dull coals in the high volatile
bituminous range, which merges in the medium volatile bituminous range and
reappears in the Iow volatile bituminous range. Wandless and Macrae (1934) made
similar observations of British coals.

Coal bands show a wide range of maceral composition (Table 3.4).

Bright coals

contain 73.3 to 100% vitrinite on a mineral-matter-free basis (mmf), and the dull coals
contain 2.1 to 33.1% vitrinite. Therefore, the bright coals are vitrinite-rich and the dull
coals are inertinite-rich.

The dominant vitrinite maceral in the bright coals is

telocollinite, which appears almost exclusively in samples ERDC2, 5, 7, 8 and 9. In
contrast the dominant vitrinite maceral in the dull coals is desmocollinite. Both dull
and bright coals contain Semifusinite as the dominant inertinite maceral. An exception
tothis is sample ERDC5 dull which contains a high proportion of inertodetrinite. Visual
examination of the polished block suggests this sample is a sapropelic coal, and this
was confirmed by the presence of significant amounts of sporinite and detrital mineral
matter.

The effect of vitrinite content on the volatile matter of the coal is presented in Figure
3.2 using onlythe high volatile bituminousAsamples (ERDC1-4), with Ro maxvalues
of 0.81-0.82%. It is quite evident that as the vitrinite content increases the volatile
matter of the coal increases. There are also noticeable differences at the maceral
level. The volatile matter of the telocollinite-rich sample ERDC2 is suppressed from
the trend Iine of the other samples. This is also seen in Figure 3.1, where the Iine of

Table 3.3 Proximate analyses and crucible swelling number (CSN) of Bowen Basin coals
CASCO Analysis
Sample

Lithotype

Moisture
(%, ad)

Ash
(%, db)

ERDC1

Bright

37

ERDC1

Dull

ERDC2

TG Analysis of Isotherm
Samples

TG Analysis of Samples used for
Sorption Rate and Petrographics

CSN

Moisture
(%, ad)

Ash
(%, db)

VM
(%, daf)

Moisture
(%, ad)

Ash
(%, db)

VM
(%, daf)

2.1

VM
(%, daf)
34^0

3

47

64

354

35

3.7

36.9

2.9

4.2

30.5

1

3.5

6.7

29.2

2.6

3.6

32.9

Bright

3.1

5.2

36.0

6

3.8

6.3

35.8

4.0

1.7

34.1

ERDC2

Dull

2.6

10.1

30.4

½

3.3

8.6

30.2

2.6

10.6

31.1

ERDC3

Bright

2.8

4.1

34.5

5½

3.6

5.1

37.2

2.3

4.5

38.0

ERDC3

Dull

2.5

5.6

32.6

1

3.0

6.8

29.3

2.3

7.0

32.1

ERDC4

Bright

3.0

2.3

34.8

6½

37

3.1

35.5

2.8

2.1

37.3

ERDC4

Dull

2.6

4.7

32.3

1

3.3

5.7

28.4

3.1

4.6

31.0

ERDC5

Bright

3.4

3.7

31.6

5½

3.6

2.3

31.2

3.1

1.8

31.3

ERDC5

Dull

2.6

13.8

24.3

½

3.0

15.5

25.5

2.3

17.2

26.2

ERDC6

Bright

1.7

5.7

25.6

9

2.1

2.9

24.5

1.3

3.7

24.3

ERDC6

Dull

1.7

10.9

22.6

1

1.7

7.4

22.5

1.6

15.7

24.8

ERDC7

Bright

1.3

9.7

25.3

9

3.6

2.2

23.0

1.5

0.7

21.9

ERDC7

Dull

1.5

7.1

20.9

1½

1.9

11.2

20.8

1.6

9.9

21.3

ERDC8

Bright

1.4

4.2

21.9

9

nd

nd

nd

1.0

0.3

20.1

ERDC8

Dull

1.6

17.1

17.6

1

nd

nd

nd

1.5

10.9

17.4

ERDC9

Bright

1.3

1.9

16.8

8

1.5

3.6

16.9

1.0

0.5

16.8

ERDC9

Dull

1.2

24.5

18.2

½

1.3

25.7

18.1

1.0

18.9

14.9

ERDC10

na

0.8

38.3

na

2½

na

na

na

0.1

46.3

na

Mineral
matter

na

nd

nd

nd

na

na

na

na

1.6

89.0

na

ad - air-dry basis; db - dry basis; daf - dry, ash-free basis; na - not applicable; nd not determined
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Table 3.4 Coal maceral composition (vol. %) and vitrinite reflectance
Sample

Lithotype

Telo

Desmo

Total

Total

Semi

collinite

collinite

Vitrinite

Litpinite

fusinite

Fusinite

Inerto

Micrinite

Macrinite

detrinite

Inertinite

Mineral

Romax

content

matter

(%)

ERDC1

Bright

43.0

29.9

72.9

3.2

18.5

0.8

3.6

0.5

0.0

23.4

0.6

0.81

ERDC1

Dull

8.8

24.0

32.8

3.9

52.6

2.0

7.3

0.3

0.5

62.7

0.8

0.81

ERDC2

Bright

94.8

1.5

96.3

0.0

2.0

0.6

0.0

0.0

0.0

2.6

0.8

0.81

ERDC2

Dull

1.1

17.6

18.7

3.7

67.0

0.0

6.7

0.6

0.0

74.3

3.4

0.81

ERDC3

Bright

54.9

27.8

82.7

3.3

9.9

1.6

0.6

0.6

0.0

12.7

1.2

0.82

ERDC3

Dull

7.6

16.0

23.6

2.3

63.1

0.5

5.9

0.0

0.0

69.5

4.6

0.82

ERDC4

Bright

64.7

21.4

86.1

1.6

8.0

0.0

2.9

0.8

0.0

11.7

0.6

0.82

ERDC4

Dull

5.2

13.7

18.9

1.5

66.4

0.4

11.4

0.7

0.0

78.9

0.7

0.82

ERDC5

Bright

99.4

0.0

99.4

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.6

0.88

ERDC5

Dull

0.0

1.9

1.9

8.5

39.0

0.0

39.4

0.0

0.0

78.4

11.2

0.88

ERDC6

Bright

74.1

10.2

84.3

0.5

6.0

0.0

7.6

0.8

0.3

14.7

0.5

1.23

ERDC6

Dull

12.5

14.2

26.7

0.0

65.4

1.4

3.7

0.3

0.0

70.8

2.4

1.23

ERDC7

Bright

99.4

0.6

100.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1.33

ERDC7

Dull

5.1

15.0

20.1

0.0

68.7

0.4

4.3

0.0

0.0

73.4

6.4

1.33

ERDC8

Bright

86.3

6.2

92.5

0.0

1.4

0.0

2.0

0.0

0.0

3.4

4.2

1.55

ERDC8

Dull

6.3

12.4

18.7

0.0

56.5

2.8

13.2

0.0

0.0

72.5

8.6

1.55

ERDC9

Bright

98.6

0.8

99.4

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.6

1.66

ERDC9

Dull

3.3

6.4

9.7

0.0

77.5

4.0

2.0

0.0

0.0

83.5

6.7

1.66

ERDC1O

n/a

38.5

0.0

38.5

0.0

0.0

0.0

0.0

0.0

0.0

0.0

61.5

1.23
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best fit between Vitrinite reflectance and volatile matter is best correlated using the
telocollinite-rich samples only.

Such a good correlation would be expected as the

reflectance measurement is taken from the telocollinite in each sample.

The Huntly Coalfield sample is Subbituminous A in rank. A typical maceral analysis
for this coal is: Vitrinite (85-95%); Iiptinite (3-20%) and inertinite (1-6%) (Newman et
al., 1996).

3.2.4 Differences Between Proximate Analyses

From the three sets of proximate analysis data (Table 3.3), the following trends are
apparent:

1.

The isotherm and sorption rate samples were analysed an appreciable
time afterthey were used in the microbalance. Consequently, it appears
that the isotherm samples have been slightly oxidised during this time
as indicated bytheir higher moisture contents. The solid blocks used for
sorption rate studies and maceral analysis, however, have moisture
contents similar to those obtained by CASCO Ltd.

2.

Bright samples used for sorption rate studies are purer maceral
concentrates, which is reflected by their the lower ash contents.
Conversely, the bright samples tested by CSIRO and those used in
isotherm studies at CGRI appear to have been tested inclusive of cleat
mineralisation.

3.

The volatile matter contents of CSIRO and CGRI isotherm samples
ERDC9 dull are higher on a dry, ash-free basis, which is most likely due
to the presence of a larger proportion of mineral matter, which
decomposed during the volatile matter test. The sorption rate sample
for ERDC6 shows a similar response.
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CHAPTER 4

THE PORE NATURE OF COAL

4.1

INTRODUCTION

Porosity in coals has a large influence on their behaviour during mining, preparation
and utilisation (Mahajan and Walker, 1978).

The pore volume and pore size

distribution of coals determines the extent and ease of diffusion of gas out of the pore
structure during mining and drainage of gas from the seam. Ettinger and Radchenko
(1989) point out that current methods of calculating the rate of gas release take no
account of differences in the microstructure or petrographic nature of the coal.
Consequently, a better understanding ofthe coal physical components of porosity and
surface area and their relationship to coal type is an important step in improving gas
flow models.

Numerous methods for determining the pore size distribution have been used in coal
structure studies. However, no single method can adequately describe coal porosity,
which spans several orders of magnitude in size from < 1 nm to > 10,000 nm (ie 10
μm) diameter (Unsworth et al., 1991). To quantify the pore nature of coal requires the
determination of several physical measurements (Figure 4.1). The total porosityofthe
coal is obtained by combining the information from helium pycnometry and mercury
porosimetry.

Pore sizes are then conventionally described in terms of three size

ranges (IUPAC, 1972), and are concisely described by Unsworth et al. (1991) as
follows:

1.

Macroporosity(>50nm):
Pores > 1μm can be seen by optical microscopy and are a characteristic
structural feature of some coal components e.g. fusinite and
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semifusinite; smaller pores can be recognised by scanning electron
microscopy, e.g. pores and microcracks in vitrinite and inertinite coal
constituents.

(For definition of petrographic terms see Table 3.2 in

Chapter 3). Macroporosity in Bowen Basin coals is clearly illustrated by
the work of Gamson and Beamish (1992) and Beamish et al. (1991)
using scanning electron microscopy.

Quantitative measurements of such macroporosity can be achieved by
using image analysis techniques, though the most convenient method
is intrusion volumes using mercury porosimetry

2.

Mesoporosity (2-50 nm):
Pore sizes in this range can be observed by scanning electron
microscopy, or by transmission electron microscopy.

Quantitative

information can be obtained using nitrogen gas adsorption and smallangle neutron or X-ray scattering (SANS and SAXS respectively)
techniques.

3.

Microporosity (< 2 nm):
Information on this pore size range can be obtained from small-angle Xray scattering, carbon dioxide adsorption and helium pycnometry
techniques.

Unsworth et al. (1991) also state: “Combining the information from the above
techniques is complicated by the different models, assumptions of pore geometry and
experimental artefacts specific to each method. Nevertheless, it has been possible
to build up a quantitative description of the porous microstructure in coals. Some clear
trends, attributable to differences in coal rank and maceral composition, have been
established."

This chapter presents the results of a collaborative research programme supervised

50
by the author, between the Coalseam Gas Research Institute at James Cook
University of North Queensland and the Division of Coal and Energy Technology of
the Commonwealth Scientific and Industrial Research Organisation (CSIRO), to study
the physical properties of banded coals from the Bowen Basin.

4.2

PREVIOUS STUDIES

Detailed studies have been made of the physical properties of coal from different
sources, including American, British, Canadian and Japanese (Franklin, 1948;
Dormans etal., 1957; Fujii and Tsuboi, 1967; Toda, 1972; Gan etal., 1972; Thomas
and Damburger, 1976; Parkash, 1985; Parkash and Chakrabartty, 1986; Neavel etal.,
1986; Walker et al., 1988). Most of the samples used in these studies were either
handpicked vitrains or maceral separates rich in vitrinite. Many Australian coals have
a greater abundance of inertinite (Hunt, 1989; Smyth, 1989) than the coals used in
these previous studies, particularly the duller banded coals of the Bowen Basin.
Unsworth et al. (1989) studied the maceral effects on pore structure of a wider range
of coals of different geological and geographical origin, including three Australian
Permian coals. Porosity data was available for only two of these. Consequently, little
published work exists on the pore nature of Australian coal macerals.

Rank effects on coal porosity have been documented by Gan et al. (1972) for vitrain
samples of American coals. They estimated the pore volumes for these coals using
the following categories:

1.

Total open pore volume Vγ accessible to He, as estimated from the He
and Hg densities.

2.

Pore volume V1 contained in pores greater in diameter than 30 nm, as
estimated from penetration of mercury under a pressure of 5800 psi.

3.

Pore volume V2 contained in pores in the diameter range 30 to about 1.2
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nm, as estimated from the analysis of the absorption branch of the N2
isotherms (-1960C).

4.

Pore volume V3 contained in pores smaller in diameter than 1.2 nm as
estimated from V3 = Vτ - (V1 + V2).

The proportion of V3 is significant for all the coals studied by Gan et al. (1972). Its
value is a maximum for anthracite and a minimum for lignite.

The results

demonstrated that essentially all American coals, irrespective of their rank, show
molecular sieve properties. Gan et al. (1972) concluded that:

1.

porosity in coals with carbon contents Iess than 75% (subbituminous) is
primarily due to the presence of macropores;

2.

porosity in coals with about 75-84% carbon content (high volatile
bituminous) is predominantly due to the presence of micro- and
transitional pores; and

3.

for coals ranging in carbon content from about 85 to 91 %, microporosity
predominates.

Published density data for Australian coals is limited to the work of Dulhunty and
Penrose (1951). In their study, a series of predominantly Australian coals ranging in
rank from peat to semi-anthracite was measured for water densities, based on the
assumption that rank relations for helium density do not differ significantly from those
for water density.

Similarly, a detailed study of New Zealand coal densities using

water was performed by Gray and MacKnight (1986).

Few surface area and mercury porosimetry measurements of Australian and New
Zealand coals have been published. A study of Bowen Basin coals was undertaken
by the CSIRO, Division of Applied Geomechanics (Lama and Mitchell, 1981; Lama1
1980) on only a small number of samples. This study was done during an active
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phase of gas in coals research in Australia by the CSIRO1 primarily related to mine
safety and the problem of instantaneous outbursts of coal and gas. A more recent
study has been undertaken at the University of Wollongong (Faiz etal., 1992) on a
range of Australian coals, including six from the Sydney Basin and five from the
Bowen Basin. However, the results from this study appear inconclusive, presumably
due to the competing influences of rank, coal type and basinal differences.

4.3

BOWEN BASIN COAL STUDIES

4.3.1

Density of Coal

4.3.1.1

Introduction

Coal density has many applications such as input to mineable reserve calculations for
planning purposes (Smith, 1991), where a 5% error over a typical mine Iife of 20 years
can Iead to a miscalculation of a full year’s production (Preston and Sanders, 1993).
It is also used in the assessment of coal structure, in particular coal porosity.
According to Mahajan (1982), for porous materials Iike coals, three different densities,
namely true density, particle density, and apparent density, can be considered. The
true density of a porous solid is defined as the weight of a unit volume of the pore-free
solid.

The measurement of true density requires the complete filling of the pore structure
with a fluid having no interaction with the solid. Helium has generally been used to
provide a "true density" measurement for coals, although some pores have been
recognised to be closed even to helium (Kotlensky and Walker, 1960; Franklin, 1948,
1949; Cartz and Hirsch, 1960). The assumption of helium not adsorbing onto the coal
surface has also been questioned, although for raw coals, helium adsorption at room
temperature is not appreciable enough to cause significant error in the measured
densities (Maggs etal., 1960).
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In this study, the helium density of the coal samples was determined by the CSIRO1
Division of Coal and Energy Technology using a Micromeritics Multivolume 1305
Pycnometer. A basic methodology forthis measurement is described by Mahajan and
Walker (1978).

4.3.1.2

Ash correction

The results of the helium density measurements are presented in Table 4.1. The
bright and dull coals form two distinct fields, with bright coals ranging from 1.278 to
1.321 g/cc and dull coals ranging from 1.358 to 1.530 gΛx on a dry, mineral-mattercontaining basis (mmcb). To assess the effects of maceral composition and rank on
density requires an ash correction to be made to the raw data using the following
equation (van Krevelen, 1961; Fujii and Tsuboi, 1967; Parkash, 1985):

H = (100 -A)d'da

(4.1)

100da - d'A

where
d

=

corrected density on a dry, ash-free basis

d'

=

measured density of the ash-containing, dry coal

da

=

average density of the ash constituents

A

=

weight percentage of ash in the coal.

Various values for da have been used in previous assessments, 3.0 g/cc (van
Krevelen, 1961; Fujii and Tsuboi, 1967), and 2.33 g/cc (Parkash, 1985). The latter
value was obtained by extrapolating the ash density relationship for Subbituminous
coals from Alberta Plains, Canada, which appears rather Iow and is most likely due
to the highest ash value of the data being 45%.

Table 4.1 Physical properties of Bowen Basin coals
Sample

Lithotype

Helium

Helium

Mercury

Mercury

Total

Mean pore

Macropore

Mesopore

CO2 Surface

density

density

density

density

porosity

radius

volume

volume

area

(g/cc, db)

(g/cc, daf)

(g/cc, db)

(g/cc, daf)

(%)

(nm)

(cc/g, daf)

(cc/g, daf)

(m7g, daf)

ERDC1

Bright

1.291

1.275

1.266

1.250

2.0
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0.064

0.003

242

ERDC1

Dull

1.390

1.358

1.202

1.171

13.8

84

0.120

0.008

218

ERDC2

Bright

1.307

1.268

1.289

1.250

1.4

43

0.055

0.004

261

ERDC2

Dull

1.418

1.339

1.256

1.179

11.9

65

0.098

0.014

216

ERDC3

Bright

1.284

1.253

238

ERDC3

Dull

1.358

1.315

212

ERDC4

Bright

1.278

1.261

251

ERDC4

Dull

1.379

1.343

219

ERDC5

Bright

1.292

1.264

1.279

1.251

1.0

42

0.051

0.001

288

ERDC5

Dull

1.483

1.372

1.347

1.238

9.8
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0.069

0.018

203

ERDC6

Bright

1.286

1.243

285

ERDC6

Dull

1.414

1.328

239

ERDC7

Bright

1.321

1.246

1.258

1.184

5.0

42

0.055

0.001

217

ERDC7

Dull

1.386

1.331

1.245

1.192

10.5

55

0.085

0.009

161

ERDCβ

Bright

1.307

1.275

1.281

1.250

2.0

0.048

0.001

222

ERDC8

Dull

1.498

1.358

1.412

1.273

6.2

0.066

0.006

209

ERDC9

Bright

1.304

1.290

1.267

1.253

2.9

42

0.050

0.001

266

ERDC9

Dull

1.530

1.320

1.337

1.133

14.2

76

0.115

0.007

248

ERDC10/1

n/a

2.109

ERDC10/2

n/a

2.163

Mineral
matter

n/a

2.658

Oi

⅛>
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When converting to a dry mineral matter free basis an average density of 2.7 g/cc has
been used forthe mineral matter constituents (Gan etal., 1972; Walker etal., 1988).
As only ash determinations were made on the samples in this study an ash-free
correction is used. Generally a fixed relationship exists between mineral matter and
ash, therefore trends in rank and maceral effects should be evident with either a
mineral matter or ash correction applied to the data.

The average density of the coal ash constituents from the main coal data set in this
study has a value of 2.462 g/cc, as obtained from the dashed Iine intercept at 100%
ash in Figure 4.2. This would appear too low, and three additional points have been
added to the data to include two high ash coal samples from the Bowen Basin
(ERDC10) and mineral matter taken from the cleat of a sample. The mineral matter
has been identified by X-ray diffraction as kaolinite, consistent with the helium density
value of 2.658 cc/g.

The mineral matter in sample ERDC10, is predominantly

carbonate and as such the material yields a very high volatile matter content, and a
lower ash content than expected. The average ash density obtained after including
these additional data points is 2.948 g/cc (solid Iine intercept Figure 4.2), which is in
agreement with the value of 3.0 g/cc used by van Krevelen (1961). Consequently, a
value of 3.0 g/cc has been substituted in equation (4.1) to correct the density data to
a dry, ash-free basis.

4.3.1.3

Rank and maceral effects on helium density

The relationship of coal density with rank, expressed using the rank parameter of
vitrinite reflectance, is plotted in Figure 4.3. Segregation of the data points due to their
maceral differences is apparent, and the curved trend previously observed by Gan et
al. (1972) persists for the bright coal. A broad minimum occurs at the beginning of the
medium volatile bituminous rank, with density increasing either side. This is consistent
with previous studies, although the exact location ofthe minimum appears to varyfrom
study to study.

The medium volatile rank stage often corresponds to maxima or

minima of many coal properties (Dulhunty and Penrose, 1951; Levine, 1992). The dull
coals show no pattern due to the fact that they contain varying amounts of vitrinite.
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Ash (%, db)

Figure 4.2 Helium density of bituminous ∞al types as a function of their
ash content
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Ro max (%)

Figure 4.3 Helium density of bituminous ∞al types as a function of
vitrinite reflectance
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Maceral composition effects are illustrated in Figure 4.4, which contains onlythe high
volatile bituminous coal samples to exclude rank effects from the plot. Sample ERDC5
has been removed from the analysis as this sapropelic dull coal is completely different
in maceral composition to the rest of the high volatile bituminous coals and the vitrinite
reflectance for this coal is elevated by 0.06%. Vitrinite-rich coal has a lower density
than the inertinite-rich coal.

This is consistent with the findings of other studies

(Walker etal., 1988; Dormans etal., 1957). The variation in the data trend is a result
of additional Submaceral differences in the coals.

Sample ERDC2, which is

telocollinite-rich displays a higher densitythan its other vitrinite-rich, rank equivalents.
Presumably, this is linked to the fact that it has a suppressed volatile matter content
and corresponding higher fixed carbon content.

Regression analysis of the helium densities for the high volatile bituminous samples
confirms the dependence on maceral composition. Firstly, if a linear regression of ash
and density is performed, the following equation is obtained:

pHe = 1.260 + 0.01633Ash

(r2 = 0.55)

(4.2)

Repeating the same exercise using a multiple regression of ash and vitrinite content
versus helium density yields the following equation:

pHe = 1.366 + 0.00740Ash - 0.00117Vit

(r2 = 0.91)

(4.3)

59

Vitrinite (%, mmf)

Figure 4.4 Helium density of high volatile bituminous coal types as a
function of their vitrinite content
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4.3.2 Mercury Porosimetry

4.3.2.1

Introduction

Porosimetry was performed by the CSIRO, Division of Coal and Energy Technology
using a Micromeritics Autopore Il 9220 porosimeter to obtain mercury intrusion data.
Values of bulk density and particle density are obtained from this instrument. The
particle density is the weight of a unit volume of the solid including pores and cracks
(Mahajan, 1982). Particle density is usually determined by displacement of mercury
under pressure. Both bright and dull coal types for samples ERDC1, ERDC2, ERDC5,
ERDC7, ERDC8 and ERDC9 were tested with this instrument.

4.3.2.2

Rank and maceral effects on total porosity

The total porosity of coal is obtained from the following equation:

%Porosity = 100(1 - ⅛

(4.4)

pHe

Results for the coals tested are contained in Table 4.1. A plot of the total porosity
versus rank expressed as vitrinite reflectance (Figure 4.5) reveals the dull coals follow
the classic U-shaped curve observed by King and Wilkins (1944), except for ERDC8,
which has a very Iow porosity (6.2%) due to large amounts of mineral matter infilling
cell lumina in the Semifusinite macerals. The bright coals show no trend.

Walker et al. (1988) obtained porosities ranging from 1.8 to 27.6%, the highest values
being for inertinite-rich samples, and attribute this to the open cellular structure of
fusinite and Semifusinite macerals. In this study the bright coal total porosity ranges
from 1.0 to 5.0%, and the dull coal from 6.2 to 14.2%.
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62
4.3.2.3

Rank and maceral effects on macropore volume

The macropore volumes have been calculated from the difference in mercury densities
(Table 4.1).

A plot of the macropore volume versus rank expressed as Vitrinite

reflectance (Figure 4.6) reveals the dull coals follow a U-shaped curve, whereas the
bright coals show a more uniform value, between 0.05 and 0.07 cc/g, dry, ash-free.
Walker et al. (1988) noted a trend of increasing macropore volume with decreasing
rank.

To some extent this observation is consistent with data in this study as

macropore volume appears to increase below medium volatile bituminous. Macropore
volume for dull coals can be up to double that for isorank bright coals, which is again
directly attributable to their higher inertinite contents. Walker etal. (1988) also found
that a Semifusinite sample had a very high macropore volume compared to Vitrinite
macerals of all ranks.

4.3.3 Nitrogen Adsorption isotherms

4.3.3.1

Introduction

Nitrogen surface areas were determined by the CSIRO1 Division of Coal and Energy
Technology, using a Micromeritics ASAP 2400 instrument and Micromeritics 2400M
software at -1960C. Surface area calculations for nitrogen were made according to the
BET theory, and then converted to pore volumes.

4.3.3.2

Rank and maceral effects on mesopore volume

The mesopore volumes are contained in Table 4.1. Bright coals show a significant
decrease in mesopore volume from medium volatile bituminous onwards (Figure 4.7).
Dull coals do not follow this trend and have mesopore volumes up to an order of
magnitude greaterthan their bright isorank equivalents. The highest mesopore volume
is shown by sample ERDC5, which can be attributed to its high inertodetrinite content.
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Figure 4.6 Macropore volume of bituminous coal types as a function of
vitrinite reflectance
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Ro max (%)

Figure 4.7 Mesopore volume of bituminous coal types as a function of
vitrinite reflectance
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4.3.4 Carbon Dioxide Adsorption Isotherms

4.3.4.1

Introduction

Carbon dioxide surface areas were determined by the CSIRO, Division of Coal and
Energy Technology, using a Micromeritics ASAP 2400 instrument and Micromeritics
2400M software at O0C. Surface area calculations for carbon dioxide were made using
the Dubinin-Radushkevich equation.

4.3.4.2

Rank and maceral effects on internal surface area

Surface areas ofthe samples are presented in Table 4.1. These areas are expressed
on a dry, ash-free basis, assuming that the amount of sorbate taken up as a
monolayer on the mineral matter in the coal is negligible compared with that taken up
as a monolayer on the organic matter surface (Walker etal., 1988). The trend in the
data with coal rank (Figure 4.8) is similar to that for the helium density, with surface
area passing through a broad minimum for medium volatile bituminous coals. Both
bright and dull ERDC6 samples plot higher than expected. These were taken from
layers adjacent to sheared coal, and therefore may contain a higher degree of
microporosity as a direct result of shearing of the coal matrix.

In all cases for isorank pairs the bright coal has a much higher internal surface area
compared to the dull coal. A higher CO2 surface area is associated with the presence
of a Iarger proportion of micropores (Elliott, 1981). Consequently, the vitrinite-rich
samples would appear to be more microporous.

4.3.5 Summary of the Pore Nature of Bowen Basin Coals

From the physical measurements of density, porosity and surface area it appears that
the inertinite-rich coals are predominantly macroporous and the vitrinite-rich coals are
predominantly microporous. There are also noticeable differences atthe maceral level
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Ro max (%)

Figure 4.8 Carbon dioxide surface area of bituminous coal types as a
function of vitrinite reflectance
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in these coals. Vitrinite-rich coals consisting of telocollinite have the highest density
for vitrinite macerals, lowest total porosity and highest internal surface area. Inertiniterich coals consisting of Semifusinite have the highest total porosity and lowest internal
surface area.

In contrast, inertinite-rich coals consisting of inertodetrinite have the

highest mesopore volume.

The effects of these differences in the pore natures of the coals should be apparent
in the sorption behaviour of the coal. The greater internal surface area of the vitriniterich coals should reflect in a higher sorption capacity. The arrangement of the pore
network will also govern the rate at which the gas desorbs from the coal. Both these
aspects have been studied in the laboratory and the results are presented in Chapters
5 and 6.
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CHAPTER 5

SORPTION ISOTHERMS

5.1

INTRODUCTION

Sharer (1992) considered that besides gas content and permeability effects, two other
characteristics are critical in understanding the nature of gas flowthrough coal. These
are the sorption isotherm that defines the relationship between pressure and sorption
capacity ofthe coal, and the diffusion parameters (diffusivity) ofthe coal, which control
the gas flow rate through the main coal matrix. Sorption testing of coal is therefore
a major component of assessing the gas/coal system.

Mavor etal. (1992 and 1990) have reviewed sorption testing procedures applied in
America. In 1991, Levine et al. (1991) and Beamish etal. (1991) proposed a new
approach to gas sorption testing of coal, using a high-pressure microbalance.

A

gravimetric method was used on coal samples down to milligram size. Using such
small sample amounts allowed detailed comparison of coal type sorption behaviour
without the necessity of large scale core samples. The apparatus is ideal for testing
of sidewall material, drill cuttings or maceral concentrates.

This chapter presents the development of the microbalance sorption technique
(Beamish and O’Donnell, 1992), and the results obtained, while the author was on a
secondment to the Coalseam Gas Research Institute (CGRI), James Cook University
of North Queensland (JCU) from The University of Auckland. The work was part of
an Australian Energy Research and Development Corporation project (ERDC Project
1464; Beamish and Gamson, 1993).
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5.2

METHODS FOR SORPTION TESTING

5.2.1 Equipment for Sorption Tests on Coal

There are two main methods to consider in selecting the equipment for sorption testing
of coal samples. These are Volumetric fRuopel etal., 1972) and Gravimetric fDaines.
1968; Lama and Bartosiewiczj 1982). Other factors to be considered are, the purpose
of testing, sample size fraction and quantity to be used. Most testing for gas sorption
capacity uses fine coal size (<250 μm (American testing) or <212 μm (Australian
testing)). Bulk quantities are often used (80 - 150 g), which normally provides broad
relationships between parameters, but often does not allow characterisation of coal
type effects.

After reviewing the sorption techniques being applied overseas and previously used
in Australia, the gravimetric technique was selected with two options to be considered
to meet research objectives.

Option 1:

Custom build a system along the lines of Daines (1968) or Lama and
Bartosiewicz (1982).

Option 2:

Purchase a ready made unit from a reputable manufacturer that can
provide accurate and efficient sorption testing data.

Constructing equipment in-house according to option 1 was considered time
consuming, requiring a major debugging period. The accuracy of data measurement
is reasonable (with multiple sampling), but manually time intensive. Siahaan et al.
(1989) computerised results using a high precision balance, but the manual
component of disconnecting and reconnecting pressure vessels to the system still
remains.

Off-the-shelf equipment existed, namely Sartorius high pressure microbalances, which
fulfilled the requirements of option 2. These are fully self-contained units capable of
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highly accurate measurements ofweight changes in samples associated with sorption
under a wide range of pressure and temperature conditions. The unit is amenable to
automated measurement and provides possibilities of future flexibility. This equipment
had previously been used in Australia by:

1.

CSIRO, Division of Coal and Energy Technology for adsorption testing
on activated carbon.

2.

Griffith University, DepartmentofscienceandTechnologyforadsorption
testing of hydrogen on metal hydrides.

Consultation with both these institutions suggested that a Sartorious M25D-P
microbalance would produce the results to satisfy the requirements of the research
work at CGRI.

5.2.2 Equipment Construction

Construction of the laboratory facility at JCU used both new project equipment and
components supplied from within the Department of Earth Sciences. The sorption
equipment is schematically presented in Figure 5.1. On-site construction required
manufacturing a housing frame for the microbalance to isolate the unit from vibration
influence. The design used, was successful and enabled a stable signal response
from the instrument even while performing other laboratory operations (eg crushing of
coal samples with a Tema vibrating mill at the other end of the room).

5.2.3 Equipment Operation

Coal samples were pressurised with methane at intervals varying from 0.5 MPa to 1
MPa up to a maximum of 7 MPa and the sorption capacity measured at each step.
Two particle size ranges were used, crushed (-212 μm) and solid (5-10 mm), with
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Figure 5.1 Schematic of microbalance setup
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approximately 1 g of sample being used in each case. The smaller size fraction was
used to obtain equilibrium isotherm data, while the larger size fraction was used to
study the sorption rate behaviour of the coal (discussed in chapter 6).

A fixed

temperature of 23.5 0C was used for all tests and the moisture content of each test run
was controlled by evacuation.

5.2.4 Microbalance Calculations

5.2.4.1

Original Buoyancy Correction Calculations (Beamish and Gamson, 1993)

Due to the volume differences on either side of the balance point of the beam in the
microbalance, one side of the unit will be more buoyant than the other and a
correction is therefore required for this effect. This can be determined by calculating
the volume difference between the two sides, and converting this volume difference
to a weight factor that is pressure dependant.

The weight gain due to methane

sorption as displayed by the microbalance has to be corrected for changes in
buoyancy of both the balance and the sample. Both these effects were determined
by calculation. The following is a worked example:

Density of quartz pans

2.67 g/cc (determined by measured
weight changes of empty sample
pans as the pressure was raised from
1 to 7 MPa)

Density of coal

1.35 g/cc (example only)

Density of PVC counterweight

1.42 g/cc

Weight of sample pan

2.7542 g

Volume of sample pan

2.7542/2.67 = 1.0315 CC

Weight of tare pan

2.6721 g

Volume of tare pan

2.6721/2.67= 1.0008 CC
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Sample pan has greater volume by

0.0307 cc

Weight of coal

0.9821 g

Volume of coal

0.9821/1.35 = 0.7275 cc

Weight of PVC

0.9660 g

Volume of PVC

0.9660/1.42 = 0.6803 cc

Volume of tare pan + PVC

1.6811 cc

Volume of sample pan + coal

1.7590 CC

Volume difference

0.0779 cc

Therefore the sample pan + coal will displace 0.0779 cc more of methane than will the
tare pan + PVC and will be lighter by the weight of this volume of methane.

Using the gas equation,

PV = zJ-RT
M

where,

(5.1)

P

pressure

V

volume

z

compressibility factor for methane, dependent on pressure
obtained from the Hall-Yarborough equations (Dake,
1978).

g

weight of methane corresponding to the volume difference

M

molecular weight of the adsorbate
(CH4 = 16.043; CO2 = 44.010; He = 4.0026)

T

temperature of the sample (= 296.50K)

R

universal gas constant (= 82.0562 cm3 atm K1 mol^1)

l∆t
this converts to

g grams

where,

PA

=

pressure in atmospheres

V

=

volume in litres

(5.2)

rearranging equation (5.2) and converting to milligrams gives

16.042 x 0.0779 x Plvl
QrniIligrams

(5.3)

z x 0.0821 x 296.5 x 0.1013

where,

PM

=

pressure in megapascals

The resultant value of g is the buoyancy factor which must be added to the
microbalance reading. At the time of data analysis the z-factor was omitted. A check
of the influence of the z-factor on the overall gas content value reveals a possible
source of error of 3% at the maximum pressure of 7 MPa, which reduces as the
pressure reduces. This is due to the fact that the buoyancy correction is additive and
not multiplicative to the microbalance reading.

5.2.4.2

Amended Buoyancy Correction Calculations (Crosdale and Beamish,
1995)

Instead of calculating the buoyancy effect due to the difference in the quartz pans, it
is possible to use an experimental fit to the data generated by introducing methane
with empty pans in the balance.

For future testing Beamish and Gamson (1993)

recommended this as possibly a simpler option and in fact was introduced by Crosdale
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(1993). As a result, the initial data was corrected with the new buoyancy equations
obtained by Crosdale (1993) as follows:

With the gravimetric method using a beam balance, weight changes represent the
combined influence of change in sample mass during sorption and gas buoyancy at
the specified pressure. Calculation of sorbed gas weight requires subtraction of the
buoyant force.

The value of the buoyancy correction depends upon volume and

temperature differences between the sample and other balance components (counter
weight, sample pans, weighing arms, connection wires etc) (Gregg and Sing, 1967)
and should include a correction for the compressibility of the adsorbate. A correction
for the volume change of the sample due to sorbed gas may also be applied (Levine
etal., 1993).

The balance is initially tared under vacuum so all weight changes represent the
combined effect of buoyancy and gas sorption.

Parameters required for gas content calculation are :

1.

Initial sample weight (determined in the microbalance);

2.

Sample weight during adsorption/desorption;

3.

Correction for buoyancy involving :
- volume of the sample (derived from its helium density)
- volume of the microbalance (derived experimentally)
- density of the gas in the microbalance at a given pressure (derived
theoretically)

Buoyancy Correction

The buoyant force applied equals the weight of fluid displaced, which equals the
volume of fluid multiplied by its density.
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Gas density is estimated by :

pα = ^
Pg
zRT

where,

ρg
z

(5.4)

gas density (g/cc)
=

M

compressibility factor of the adsorbate
molecular weight of the adsorbate
(CH4 = 16.043; CO2 = 44.010; He = 4.0026)

T

temperature of the sample (= 296.50K)

P

pressure (atm)

R

universal gas constant (= 82.0562 cm3 atm K'1 moΓ1)

The volume ofthe gas is estimated bythe volume ofthe microbalance (including pans,
counterweights etc) and the volume of the sample (including the volume of sorbed
gas).

Total volume = Vmb + Vcwt - Vc = Vmb + Vcwt - (Vdc + Vw + Vs)

where,

Vc

=

Volume of coal sample (cc)

Vcwt

=

Volume of counter weight (cc)

Vdc

=

Volume of dry coal (cc)

Vmb

=

Volume of microbalance (cc)

Vw

=

Volume of water (cc)

Vs

=

Volume of sorbate (cc)

(5.5)

The final weight of the sample is then equal to the weight determined in the
microbalance Iess the buoyancy

Wf = Wm-Bt

(5.6)
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The final weight of the sample is the sum of its initial dry weight, weight of water and
weight of sorbate

Wdc + Ww + W, = Wm - pg(Vmb + Vcwt - Vdc ■ Vw - VJ

(5.7)

w, = Wm - Wdc - Ww - pg(Vmb + Vcwt - W√pdc - W√pw - WJpJ

(5.8)

Ws(1 ^Pg∕ps) = Wm • Wdc - Ww - pg(Vmb + Vcwt - WdcZpdc - W√pw)

(5.9)

if the microbalanoe has been tared, then Wtlt = Wdc + Ww + Wmb

where

W, = Wdc + Ww + Wmb - Wdc - Ww - pg(Vmb + Vcwt - Vdc - Vw - VJ

(5.10)

W, = Wmb - pg(Vmb + Vcwt - Vdc - Vw - VJ

(5.11)

W, = Wmb - pg(Vmb + Vcwt - WdcZpdc - WwZpw - WsZpJ

(5.12)

W,(1 - p1,ZpJ = Wmb - pg(Vmb + Vcwt - Wdc∕pdc - WwZpw)

(5.13)

Bt

=

total buoyancy

Wdc

=

dry coal weight (g)

Wf

=

final weight (g)

Wm

=

measured weight without taring the microbalance (g)

Wmb

=

weight displayed by microbalance after taring (g)

Ws

=

sorbate weight (g)

W
vvW

=

water (moisture) weight (g)

Pdc

=

dry coal density (g/cc)

pg

=

gas density (gtec)

Pw

=

water density (g/cc)

=

sorbate density (g/cc)

ps

Volumes of the coal and counter weight are determined from their dry weight and dry
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helium density. Volume of the water is determined from the percent moisture of the
sample. Volume ofthe microbalance is experimentally determined (Crosdale, 1993).
Volume of the sorbate is estimated for methane using a density for adsorbed methane
on coal of 618.9g/l (van der Sommen etal., 1955).

Calculation of the Gas Compressibility Factor (z)

The gas compressibility factor (z) has been calculated using the Hall-Yarborough
equations (Dake, 1978) :

0.06125pprte^1∙2°^°

(5.14)

y

where,

ppr

t

y

=

pseudo reduced pressure

=

pressure/critical pressure

=

reciprocal of the pseudo reduced temperature

=

critical temperature/temperature

=

reduced density

The value for y is obtained by solving :

(√).o6i25pprte-ι∙2<ι-,>i) + y+y2+y3 y4 _ (i4.7et-9.76t2+4.58t3)y2
(1-y)3

(5.15)

+ (9O.7t-242.2t2+42.4t3)y<2J0+282,) = O

An iterative technique is used to numerically solve for y. An initial estimation of y (yk)
can be better approximated (yk+1) by a first order Taylor series expansion :
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, .dfk
Λ., = yk - f√w

(5.16)

where
d£
dy

1 +4y+4y2-4y3+y4

(29.52t-19.52t2+9.16t3)y

(1 -y)4
+ (2.18+2.82t) (90.7t -242.2t2+42.4t3)y<1∙1θ+2∙82t>

Compressibility Factor (z) for Methane

Calculated values for z at 290oK and 300oK compare favourably with published values
(Anon, 1976a). A least squares linear regression was used to estimate the zvalue
at 296.5K for the region 0.1 to 7.0 MPa :

z = -0.01799 P + 0.9986

(5.17)

r2 = 0.9991

For the range 0 to 10MPa compressibility may be estimated by :

z = θ(∙θ∙θ1838p∙°∙∞1θθ8)

(g 1g)

r2 = 0.9985

Pressures greater than 10MPa are not used at CGRI so the above equations are
adequate. However, neither equation estimates compressibility at greater pressures.

Also, by substituting helium for methane in the microbalance it is possibleto determine
the corresponding coal helium density. This was implemented by Crosdale (1993).
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5.3

PARTICLE SIZE EFFECTS ON SORPTION CAPACITY

Reducing coal particle size to speed up the sorption process has often been confused
as a possible source of falsely increasing sorption capacity. Experimental results by
Ruppel etal. (1974) and Bielicki etal. (1972) have shown that sorption capacities of
coals tested at particle sizes ranging from 44 μm - 3.36 mm and 74 μm - 12.7 mm
respectively, do not differ with any degree of statistical significance. This comes as
no surprise when the sum of the external surface area of progressively smaller coal
particles is compared to the internal surface area of the pores available for sorption.

Take for example n grams of bituminous coal made up of m spherical particles of
radius r (cm) and density p (g/cc), th< n

n

4πr1

.mρ

(5.19)

Rearranging equation (5.19) gives

m

3n

(5.20)

4πr3p

The external surface area of these particles is given by

SA = 4πr2m

substituting for m from equation (5.20) into equation (5.21) gives

(5.21)
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SA

4πr23n _ 3n
4πr3p

(5.22)

rp

Consider the normal US isotherm testing fraction of 60 mesh (250 μm), then r =
0.0125 cm.

From equation (5.22), 100 g of coal with a density of 1.35 g/cc would

have an external surface area of:

SA

3x100
= 178x102 cm2
0.0125x1.35

The range of internal surface areas measured for bituminous coals are 100 - 300 m2∕g
(1,000,000 - 3,000,000 cm2∕g). Using the lower end of the internal surface area values
for 100 g of coal gives

SA = 100x106 cm2

Therefore, the percentage change in surface area by crushing is about 0.02% at most.

5.4

PARAMETERS AFFECTING SORPTION CAPACITY

5.4.1 Bowen Basin Coals

Methane adsorption isotherm data and their respective plots for Bowen Basin coals
are contained in Appendix 3. The corresponding Langmuir isotherm coefficients are
presented in Table 5.1. Differing test moisture contents of the coals create a problem
for assessing the parameters affecting sorption capacity. However, there are clear
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trends within the data.

The lowest Langmuir volumes on a raw coal basis fΓable 5.1) are obtained for
samples ERDC5 dull (24.1 cc/g) and ERDC9 dull (24.0 cc/g). These two samples
have the highest ash values. Conversely the highest Langmuir volume on a raw coal
basis is obtained for ERDC6 bright (42.1 cc/g), which has one of the lowest ash
values. For coals tested at the same moisture content, the coal with the highest ash
value has a lower Langmuir volume on a raw coal basis (eg ERDC7 dull (33.7 cc/g)
cf ERDC7 bright (39.9 cc/g)).

Therefore the mineral matter (as indicated by ash

content) in the coal acts as a diluent of sorption capacity.

Table 5.1 Langmuir methane isotherm coefficients (VL and PL) for Bowen Basin
coals
As analysed
Sample

Type

ERDC1

Bright

ERDC1

Moisture

Ash free

VL
(cc/g)

PL
(MPa)

VL
(cc/g)

PL
(MPa)

1.3

33.5

1.9

35.8

1.9

Dull

1.1

27.3

1.5

29.2

1.5

ERDC2

Bright

2.3

27.0

1.4

28.7

1.4

ERDC2

Dull

0.9

30.0

1.9

32.8

1.9

ERDC3

Bright

0.9

33.5

2.4

35.3

2.4

ERDC3

Dull

0.7

32.3

1.8

34.7

1.8

ERDC4

Bright

1.3

35.1

2.0

36.2

2.0

ERDC4

Dull

1.5

29.8

1.5

31.5

1.5

ERDC5

Bright

1.3

34.8

1.8

35.6

1.8

ERDC5

Dull

0.6

24.1

1.4

28.4

1.4

ERDC6

Bright

0.2

42.1

1.8

43.4

1.8

ERDC6

Dull

0.4

35.1

1.6

37.9

1.6

ERDC7

Bright

0.3

39.9

1.7

40.8

1.7

ERDC7

Dull

0.3

33.7

1.6

38.0

1.6

ERDC9

Bright

0.0

40.6

2.8

42.1

2.8

ERDC9

Dull

0.0

24.0

1.3

32.4

1.3
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The effects of the coal macerals on sorption capacity can be seen by looking at the
ash free Langmuir volumes. In the high volatile bituminous A rank coals there is a
general trend of greater methane sorption capacity ofthe vitrinite-rich (bright) coals as
compared to their dull equivalents (tested at the same moisture content).
maximum difference obtained was for ERDC1 (35.8 cc/g versus 29.2 cc/g).

The
In the

medium volatile bituminous coals the difference is not as great between the coal types.
ERDC7 bright and dull were tested at exactlythe same moisture content and Langmuir
volumes on an ash-free basis of 40.8 cc/g and 38.0 cc/g were obtained respectively.
In the Iow volatile bituminous coal the maceral difference is again readily apparent.
ERDC9 bright and dull were tested as dry coals and their respective Langmuir
volumes on an ash-free basis were 42.1 cc/g and 32.4 cc/g.

Moisture reduction effects on sorption capacity are illustrated bythe comparison ofthe
sorption capacity of the Iump and crushed coals in Table 5.2. Rank influences are
masked by the moisture states of the coals. However, it is clear that as lower rank
coals contain more moisture there is a general trend for methane sorption capacity to
increase with rank. This effect is even more noticeable in the Huntly coal studied,
where moisture content in excess of 10 % greatly reduces the sorption capacity of the
coal.

5.4.2 Huntly Coal

Methane adsorption isotherm data and their respective plots for Huntly coal tested in
a dry and moist state are contained in Appendix 3. The moisture reduction effect on
sorption capacity is substantial (Figure 5.2), and is reflected in the ratio of VdΛ∕w
(Table 5.3). This ratio appears to decrease with pressure.

Ettinger et al. (1958a) examined a number of Russian coals and formulated the
equation:
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Table 5.2 Moisture effects on Bowen Basin coals
Sample

Type

Pressure

Moisture

Methane
Content

ERDC1

Bright

Lump

(MPa)

(%)

(cc/g)

5.8

2.8

14.9

1.3

25.1

1.8

15.8

1.1

21.8

3.6

8.6

2.3

22.2

1.8

17.3

0.9

24.9

1.9

12.6

0.9

25.7

1.8

17.9

0.7

26.7

2.5

15.3

1.3

28.4

2.6

16.8

1.5

25.3

2.7

7.0

1.3

27.1

2.1

7.6

0.6

19.6

0.9

21.6

0.2

34.6

1.0

22.1

0.4

29.6

1.3

10.9

0.3

29.5

1.1

19.5

0.3

25.1

0.8

23.0

0.0

29.3

0.3

17.2

0.0

20.4

Crushed
ERDC1

Dull

Lump

6.0

Crushed
ERDC2

Bright

Lump

6.7

Crushed
ERDC2

Dull

Lump

7.4

Crushed
ERDC3

Bright

Lump

7.2

Crushed
ERDC3

Dull

Lump

7.3

Crushed
ERDC4

Bright

Lump

7.1

Crushed
ERDC4

Dull

Lump

7.2

Crushed
ERDC5

Bright

Lump

6.2

Crushed
ERDC5

Dull

Lump

6.3

Crushed
ERDC6

Bright

Lump

7.2

Crushed
ERDC6

Dull

Lump

7.3

Crushed
ERDC7

Bright

Lump

5.0

Crushed
ERDC7

Dull

Lump

5.1

Crushed
ERDC9

Bright

Lump

7.3

Crushed
ERDC9

Dull

Lump
Crushed

7.2
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Pressure (MPa)

Figure 5.2 Methane adsorption isotherms for Huntly ∞al (sample 52/085),
tested at 23.50C

86
Table 5.3 Moisture reduction effects on sorption capacity of Huntly coal
Pressure
(MPa)

Methane content
(cc/g)

VdΛ∕w

A from
equation
VcWw =
Am + 1

Dry coal

Moisture
(11.6%)

1.11

12.81

2.53

5.06

0.35

2.13

16.84

4.07

4.14

0.27

3.11

19.44

5.08

3.83

0.24

5.14

22.61

6.48

3.49

0.21

7.19

25.50

7.40

3.45

0.21

VdΛ∕w = Am + 1

(5.23)

where Vd and Vw are the amounts of methane adsorbed by dry and moist coal,
respectively; m is thecoal moisture content in weight percent; and A has the value
0.31. Joubert et al. (1974) also obtained a value of 0.274 for A at a pressure of 10
atmospheres (1 MPa), but they also showed a decrease in the value of A with
pressure. The coals used in both these studies were much higher in rank than the
Huntly coal and subject to much lower moisture contents. Consequently, the values
obtained for A in this study are different, ranging from 0.35 to 0.21.

5.5

APPLICABILITY OF CALCULATED ISOTHERMS TO BOWEN BASIN AND
HUNTLY COALS

5.5.1 Adsorption Equation Estimated from Coal Proximate Analysis Data (Kim,
1977)

Gas in coal is primarily adsorbed onto the internal surface of micropores. The amount
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of gas stored in a coal varies directly with pressure, inversely with temperature and
is inversely related to its moisture content, up to a critical moisture content value
(Joubert etal., 1973; Joubert efa/.,1974). According to Kim (1977), the relationship
between the volume of gas adsorbed by the coal, and pressure and temperature can
be described by the equation:

(5.24)

where,

V

=

volume of gas adsorbed, in cubic centimetres per gram of
moisture and ash-free coal

P

=

pressure, in atmospheres

T

=

temperature, in degrees Centigrade

K

=

a constant, in cubic centimetres per gram per atmosphere

N

=

a constant

b

=

a constant, in cubic centimetres per gram per degree
Centigrade

VwWd

=

ratio of volumes of gas adsorbed on wet and dry coal,
moisture reduction factor.

Kim also established from the coals tested:

K = 0.8 FCWM + 5.6

(5.25)

N = 0.39-0.013K

(5.26)

b = 0.14 cc∕g∕oC

(5.27)

VwWd = 1/(0.25 MC + 1)

(5.28)

88
where,

FC

fixed carbon content

VM

volatile matter content

MC

moisture content

The form of the above equation is similar to a Freundlich isotherm, which may explain
its applicability to the wide range of coals tested by Kim. The constants K and N build
in a rank factor to the equation.

Schwarzer and Byrer (1983) highlighted the fact that the one semi-anthracite sample
in Kim’s original data (Table 5.4), tended to falsely raise the correlation coefficient.
The constants K and N could be better correlated (Figures 5.3 and 5.4) with the
following non-linear equations:

K = 5.15 (FCΛ∕M)θ∙46

(5.29)

N = 0.84 K054

(5.30)

It can be seen that a better match is obtained through the bulk of the sample points
using these non-linear fits. The significance of these equations to Australian and New
Zealand coals is illustrated by the following examples.
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Table 5.4 Summary of original data used by Kim (1977)
Coal

FCΛ∕M

K

N

Mammoth

20.60

21.1

0.15

Pocahontas

3.89

8.2

0.27

Pocahontas

3.92

8.9

0.26

Lower Kittaning

3.62

9.6

0.27

Lower Kittaning

3.78

11.1

0.24

Beckley

3.96

10.6

0.27

Mary Lee

3.52

9.7

0.24

Upper Freeport

2.24

6.8

0.29

Lower Freeport

2.79

8.7

0.26

Upper Freeport

2.29

7.2

0.27

Mary Lee

2.96

9.0

0.27

Upper Freeport

2.18

6.3

0.29

Pittsburgh

2.00

5.4

0.35

Sewell

1.81

6.6

0.29

No.5 Block

1.50

6.2

0.30

Pittsburgh

1.46

4.6

0.38

Mary Lee

1.70

8.1

0.28

Pittsburgh

1.39

6.2

0.30

Pittsburgh

1.30

5.8

0.30

Somerset B

1.34

6.8

0.32

Castlegate

0.98

4.9

0.37

Rosebud

1.33

7.5

0.34

Pittsburgh

1.45

6.5

0.30

Pocahontas

3.90

8.9

0.23
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k0 (cc/g atm)

Figure 5.4 Relationship between k and n coefficients (at 0oC), of
isotherm equation used by Kim (1977)
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5.5.2 Bowen Basin Coal Example (Table 5.5)

In this example both the Kim original and Kim modified equations overestimate the
sorption capacity of the dry bright coal at Iow pressure and underestimate at high
pressure. For the dull coal, both equations overestimate the sorption capacity at all
pressures. This is due to the increased fixed carbon/volatile matter ratio of the dull
coal, which falsely raises the inferred rank of the dull coal.

Table 5.5 Calculated isotherm values for a Iow volatile bituminous coal, Bowen Basin
Sample

ERDC9 bright

ERDC9 dull

Proximate analysis (air-dried basis, %)
Moisture

1.0

1.0

Ash

0.5

18.7

Volatile matter

16.5

12.0

Fixed carbon

82.0

68.3

FCAZM

4.97

5.69

VwAZd

1.00

1.00

K original

9.53

10.10

N original

0.27

0.26

K modified

10.77

11.46

N modified

0.25

0.24

b

0.14

0.14

Kim equation constants

Experimental and calculated methane adsorption values at different pressures
Gas
pressure

Gas
content
experiment

(MPa)

Gas
content
Kim
modified
(cc/g)

Gas
content
experiment

(cc/g)

Gas
content
Kim
original
(cc/g)

0.6

7.14

11.94

1.1

11.60

1.6

(ccVg)

Gas
content
Kim
original
(c<Vg)

Gas
content
Kim
imodified
(CtVg)

13.40

7.54

10.31

11.60

14.61

16.11

11.38

12.51

13.85

14.64

16.48

18.01

13.63

14.06

15.41

3.1

22.08

20.29

21.81

17.07

17.18

18.53

5.1

26.33

23.62

25.12

19.51

19.91

21.24

7.2

29.91

26.21

27.66

20.87

22.01

23.31
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5.5.3 Huntly Coal Example (Table 5.6)

In this example both the Kim original and modified Kim equations underestimate the
sorption capacity of the dry coal (VwΛ∕d = 1.00) at all pressures. For the moist coal
they overestimate at Iow pressures and underestimate at high pressures.

Table 5.6 Calculated isotherm values for a Subbituminous coal, Huntfy Coalfield
Sample

52/085

Proximate analysis (air-dried basis, %)
Moisture

11.6

Ash

3.3

Volatile matter

38.7

Fixed carbon

46.4

Kim equation constants
FCΛ∕M

1.20

VwΛ∕d

1.00
(dry)

K original

6.55

N original

0.30

K modified

5.60

N modified

0.30

b

0.14

0.26
(moist)

Experimental and calculated methane adsorption values at different pressures
Gas
pressure

Gas
content
experiment

(MPa)

Gas
content
Kim
modified
(cc/g)

Gas
pressure

Gas
content
experiment

(cc/g)

Gas
content
Kim
original
(ccVg)

(MPa)

0.65

9.76

7.95

6.33

1.11

12.81

9.92

2.13

16.84

3.11

(cc/g)

Gas
content
Kim
original
(cc/g)

Gas
content
Kim
modified
(cc/g)

0.65

1.44

2.04

1.62

8.01

1.12

2.53

2.55

2.06

12.79

10.46

2.17

4.07

3.30

2.70

19.44

14.74

12.12

3.11

5.08

3.78

3.11

5.14

22.61

17.70

14.65

5.17

6.48

4.55

3.76

7.19

25.50

19.95

16.57

7.32

7.40

5.15

4.28

9.68

27.18

22.14

18.44

8.45

7.94

5.41

4.50
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5.5.4 Summary

From the preceding examples it is clear that prediction of sorption capacity using
proximate analysis data is not very accurate and laboratory isotherms have to be
generated for any coal of interest. This is particulary so for inertinite-rich coals, which
have a higher FCΛ∕M ratio than their vitrinite-rich equivalents. The equations would
predict a higher gas sorption capacity, which is not borne out by laboratory testing.
Nevertheless, they do serve as indicators of likely gas capacities.

In more recent work by Crosdale and Beamish (1995), Iow volatile bituminous coals
from Central Colliery in the Bowen Basin were reasonably matched with the modified
Kim equation. However, medium volatile bituminous coals from South Bulli Colliery
in the Sydney Basin, were substantially different than the predicted equations.
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CHAPTER 6

SORPTION RATE

6.1

INTRODUCTION

The transport of gas through coal is generally considered a two-stage process:

1.

Diffusion of gas through the pore structure of the coal to naturally
occurring cracks followed by;

2.

The simultaneous flow of water and gas through the crack structure.

Smith and Williams (1984a,b), conducted numeroustests on American coals, looking
at sorption rate effects and assessing the currently accepted physical models for
diffusion of gas in coal.

They pointed out investigators studying the relative

magnitudes ofthe above two steps, including Kissell (1972) and Doscher etal. (1980),
ignoredthe coupling ofthe diffusional and Iaminarflowprocesses. Similarconclusions
were reached by Beamish etal. (1991), particularly in the case of dull and bright coal
behaviour, which has been addressed further by Gamson and Beamish (1993) and
Gamson et al. (1993). Studies of coal microstructure (Gamson, 1991; Gamson and
Beamish, 1991; Gamson and Beamish, 1992; Gamson etal., 1993) have added a
further dimension to the complexities of gas flow behaviour through coal, whereby the
macropore system is seen as more than just a cleat network.

6.2

SAMPLE SELECTION AND TESTING PROCEDURE

Solid coal blocks approximately 8 mm in diameter were handpicked from bright and
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dull coal Iithotypes. These samples were pressurised with methane in a high pressure
microbalance as described in the methods for sorption testing detailed in Chapter 5.
Subsequently, the samples were degassed to the atmosphere and the desorption rate
monitored by recording the weight change of the sample with time.

6.3

SPHERICAL UNIPORE DIFFUSION MODEL APPLIED TO BOWEN BASIN
COALS

6.3.1

Introduction

The simplest form of comparison of desorption data is to apply a spherical unipore
model. The fraction of gas desorbed at any time is given by the equation (Smith and
Williams, 1984a):

V = 1-4EAeXP("Den27c2t)
V.
π∩=ι nz

(6.1)

where,
Dθ

=

the effective diffusivity (D∕rp2)

V

=

the volume of desorbed gas

V~

=

the total desorbable volume

t

=

the time

For short time this simplifies to (Smith and Williams, 1984a):

(6.2)

Smith and Williams (1984a), matched the first 600 seconds of desorption data to
equation (6.2) to obtain the unipore effective diffusivity of coal. As most of the data
in this study were measured at 5 minute increments, this approach is not feasible.
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Instead data points have been substituted into equation (6.1) to obtain a best fit using
an appropriate effective diffusivity. The desorption data and unipore model fits for coal
samples used in this study are plotted in Figures 6.1 to 6.8. All the bright coals except
ERDC1 can be modelled with a unipore fit over the entire desorption period.
Conversely, all the dull coals except ERDC5 cannot be modelled with a unipore fit
over the entire desorption period. In fact the unipore model seriously underestimates
the desorption time of the dull coals except for ERDC5.

During some desorption runs, notably ERDC3 bright, ERDC3 dull and ERDC6 bright,
sudden fluctuations occurred in the microbalance readings.

Fortunately these

occurred Iate in the runs, often appearing as a shift which did not affect the trend of
the sorption rates. Beamish and Gamson (1993) proposed three possible explanations
for this:

1.

They are real fluctuations created by the sudden release of gas or in
some cases readsorption of gas.

2.

Drying out of the coal.

3.

Electrical interference in the microbalance signal.

Initially, it was thought that the consistent pattern observed suggested electrical
interference causing a shift in the data. However, after discussions with J.R. Levine
(pers comm., 1992) it was discovered that he had observed similar effects in his
microgravimetry experiments at the University of Alabama, which he had attributed to
moisture effects.

Later testing by Crosdale (1993) using the same microbalance

revealed that a static charge build up was possible on the quartz weighing pans. This
has therefore been attributed as the major cause of the observed effects, during the
testing of samples ERDC3 bright, ERDC3 dull and ERDC6 bright. To remove the
static charge problem subsequent testing with the microbalance has been performed
using stainless steel weighing pans.

Fraction desorbed

Figure 6.1 Desorption data for ERDC1 bright and dull coal compared with a
unipore diffusion model
<o
∞

Fraction desorbed

Figure 6.2 Desorption data for ERDC2 bright and dull coal compared with a
unipore diffusion model
CD
CD

Fraction desorbed

Figure 6.3 Desorption data for ERDC3 bright and dull coal compared with a
unipore diffusion model
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Fraction desorbed

Figure 6.4 Desorption data for ERDC4 bright and dull coal compared with a
unipore diffusion model

o

Fraction desorbed

Figure 6.5 Desorption data for ERDC5 bright and dull coal compared with a
unipore diffusion model

o
ro

Fraction desorbed

Figure 6.6 Desorption data for ERDC6 bright and dull coal compared with a
unipore diffusion model
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Fraction desorbed

Figure 6.7 Desorption data for ERDC7 bright and dull coal compared with a
unipore diffusion model
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Fraction desorbed

Figure 6.8 Desorption data for ERDC9 bright and dull coal compared with a
unipore diffusion model
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6.4

BIDISPERSE PORE DIFFUSION MODEL APPLIED TO BOWEN BASIN
COALS

Smith and Williams (1984a,b) introduced the application of a bidisperse pore model
to coal desorption data. The theory for this work was taken from Ruckenstein et al.
(1971).

The sorption behaviour is divided into a macrosphere and microsphere

component, with the microspheres contained inside the macrospheres (Figure 6.9).
The fractional uptake for the macrosphere and microsphere components depends
upon two parameters, α and β.

α , which is the ratio of the effective micropore

diffusivity (Dθi) to effective macropore diffusivity (Dθa) can be written as (Ruckenstein
etal., 1971)

α

(D∕Ri2)

_ ta

(Da∕Ra2)

ti

(6.3)

where ta gives the order of magnitude of the time required for penetration of the
macrosphere by diffusion and ti, the time required for penetration of the microsphere
by diffusion. Therefore, α represents the ratio of the time scales of the processes
taking place in the macro and microspheres.

Large values of α mean that the

macropore diffusion process is rate limiting and very small values (α<1) indicate that
micropore diffusion is rate controlling.

β can be written as (Ruckenstein etal., 1971)

r
λ
1+^
β =

3(1 -εa)εi
α7------- ¼
SaHa
1+.

(6.4)
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MICROSPHERE

MACROSPHERE

Figure 6.9 Schematic diagram of a sorbent particle (from Ruckenstein etal., 1971)
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Consequently, β∕α gives information concerning the ratio of the microsphere and
macrosphere uptakes at equilibrium. (At equilibrium their ratio is 1∕3(β∕α)). Very small
values of β∕α indicate negligible microsphere uptake while for larger values the
macrosphere uptake is negligible. As noted earlier, the parameter α is a measure of
the relative rates of uptake by the microspheres and the macrosphere. Ruckenstein
et al. (1971) state that for α Iess than about 10'3, the uptake may be considered a twostage sorption process. Diffusion and sorption in the macropores is much fasterthan
in the micropores so that equilibrium is essentially achieved in the macropores before
any appreciable uptake by the micropores is observed.

A first stage is observed

during which only macropore sorption occurs, followed by a much slower second stage
during which macropore sorption is at equilibrium and only micropore sorption occurs.
For the first stage, the uptake is given by

(6.5)

and for the second stage by

(6.6)

The total uptake at any time is the sum of the macrosphere uptake and the
microsphere uptake. This is
Va Λ

fv∩

by
Vt — Va +v.1 = \ Vi.
Voo ^V∑÷Vl
Vi∣w
1+_
V ⅛.

109
V*+2(β∕α)-L
1
VV3

3

Vi

(6.7)

1÷l(βAx)

By combining equations (6.5-6.7) we obtain

ι-⅛Λθ×p(-n2π2τ)
M^
M

π2n=ι n2

l(βZα) 1^∑Ae×p(-n⅛¾τ)
π2^7f n2

(6.8)

14<β∕a)

where

τ = Dθat

In the case where the diffusion is micropore dominated, equation (6.8) simplifies to
equation (6.6).

The desorption data and bidisperse pore model fits for coal samples ERDC1 bright
and dull coal, ERDC2,3,4,6,7 and 9 dull coal are plotted in Figures 6.10 to 6.16. As
shown in the previous section, all other samples can be fitted by a unipore model.
Corresponding diffusivity coefficients used to obtain the bidisperse pore model plots
are contained in Table 6.1. From these plots it can be seen that the bidisperse pore
model is in close agreement with the experimental data. Sample ERDC1 bright fits
the bidisperse pore model due to the fact that it contains a significant amount of
inertinite.

Fraction desorbed

Figure 6.10 Desorption data for ERDC1 bright and dull coal compared with
a bisdisperse pore diffusion model

o

Fraction desorbed

Figure 6.11 Desorption data for ERDC2 dull coal compared with a
bidisperse pore diffusion model

Fraction desorbed

Figure 6.12 Desorption data for ERDC3 dull coal compared with a
bidisperse pore diffusion model
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Fraction desorbed

Figure 6.13 Desorption data for ERDC4 dull coal compared with a
bisdisperse pore diffusion model
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Fraction desorbed

Figure 6.14 Desorption data for ERDC6 dull coal compared with a
bidisperse pore diffusion model
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Fraction desorbed

Figure 6.15 Desorption data for ERDC7 dull coal compared with a
bidisperse pore diffusion model
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Fraction desorbed

Figure 6.16 Desorption data for ERDC9 dull coal compared with a
bidisperse pore diffusion model
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Table 6.1 Bidisperse pore diffusivity coefficients for Bowen Basin coals
Sample

Lithotype

Effective

Effective

macropore

micropore

diffusivity

diffusivity

(seC1)

(sec1)

alpha

beta

beta/
alpha

ERDC1

bright

6.7e-05

1.2e-06

1.8e-02

3.0e-01

17.14

ERDC1

dull

1.6e-04

9.2e-07

5.8e-03

8.0e-03

1.38

ERDC2

dull

1.7e-04

1.1e-06

6.5e-03

6.0e-03

0.92

ERDC3

dull

1.0e-04

1.0e-06

1.0e-02

1.6e-02

1.60

ERDC4

dull

1.0e-04

1.0e-06

1.0e-02

6.0e-03

0.60

ERDC6

dull

1.7e-04

8.3e-07

5.0e-03

6.0e-03

1.20

ERDC7

dull

1.0e-04

1.0e-06

1.0e-02

2.7e-02

2.70

ERDC9

dull

1.2e-04

5.0e-06

4.3e-02

4.0e-02

0.93

6.5

PARAMETERS AFFECTING SORPTION RATE

Table 6.2 compares the effective diffusivity data obtained from the initial desorption
of the coal with dominant maceral content, mean pore radius (where this information
was available) and rank. In the high volatile bituminous coal rank, the lowest effective
diffusivity is recorded for the almost pure telocollinite sample ERDC5 (9.2 x W7 sec1).
Conversely, in the same rank range the highest effective diffusivity of the bright
samples is recorded for the sample with the lowest amount Oftelocollinite, ERDC1 (3.0
x W6 sec'1). A similar pattern of lower effective diffusivity with increased telocollinite
content exists for the medium volatile bituminous coal samples (ERDC6 - 3.8 x W6
sec'1 and ERDC7 - 1.5 x W6 sec’1, Table 6.2). Sample ERDC9 bright has a much
higher effective diffusivity (5 x 10* seC1) than sample ERDC5 bright (9.2 x 10'7 seC1),
yet they are both almost pure telocollinite. This is presumably related to their rank
difference with the higher rank coal, ERDC9, having a higher degree of secondary
connected porosity (microfractures) due to microscale cleat effects.

118
Table 6.2 Effective diffusivity and related coal properties for Bowen Basin coals
Sample

Dominant

Effective

Mean pore

Submaceral

diffusivity

radius

(sec^1)

(nm)

Rank

1

Telocollinite
(43.0%)

3.0e-06

49

hvAb

1

Semifusinite
(52.6%)

8.3e-05

84

hvAb

2

Telocollinite
(94.8%)

2.0e-06

43

hvAb

2

Semifusinite
(67.0%)

1.0e-04

65

hvAb

3

Telocollinite
(54.9%)

2.0e-06

hvAb

3

Semifusinite
(63.1%)

4.2e-05

hvAb

4

Telocollinite
(64.7%)

1.0e-06

hvAb

4

Semifusinite
(66.4%)

5.8e-05

hvAb

5

Telocollinite
(99.4%)

9.2e-07

42

hvAb

5

Inertodetrinite
(39.4%)

4.5e-06

46

hvAb

6

Telocollinite
(74.1%)

3.8e-06

mvb

6

Semifusinite
(65.4%)

9.0e-05

mvb

7

Telocollinite
(99.4%)

1.5e-06

42

mvb

7

Semifusinite
(68.7%)

2.7e-05

55

mvb

9

Telocollinite
(98.6%)

5.0e-06

42

Ivb

9

Semifusinite
(77.5%)

8.3e-05

76

Ivb
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Semifusinite rich samples display the highest effective diffusivities.

No rank

differences are apparent and the picture is complicated by the presence of mineral
matter, in some cases infilling cell lumina. However, sample ERDC5 dull, which is rich
in inertodetrinite, has the lowest effective diffusivity of all the dull samples (4.5 x 10'6
sec'1). The mean pore radius of this sample is only marginally higher than its bright
counterpart (46 cf 42 nm).

Also, the fact that the ERDC5 dull can be fitted by a

unipore model suggests the sample has a uniform pore distribution, which as seen in
Chapter 4 is mesoporous dominated. Hence, it has a desorption rate intermediate
between the vitrinite-rich samples and the dull coals rich in Semifusinite and fusinite.

A plot of effective diffusivity versus the mean pore radius (Figure 6.17) indicates a
relationship exists between these two parameters. Smith and Williams (1987) came
to a similar conclusion for US coals, and Crosdale and Beamish (1995) have also
confirmed this with more recent testing of Bowen Basin and Sydney Basin coals. It
is clear that the smaller uniform pore sizes are directly related to the Vitrinite content
of the coal, with the lowest values corresponding to telocollinite rich coal. The duller
coal types however, have more complex pore distributions with larger pore sizes and
therefore higher effective diffusivities.

An exception to this is dull coals rich in

inertodetrinite, which presumably due to its more detrital nature simulates the smaller
pore size material.

The most significant parameter affecting sorption rate is therefore the coal type and
the respective dominant coal maceral. Sorption rate differences observed for the block
samples used in these experiments have major implications for gas emission and
outburst phenomena in banded seams of the Bowen Basin.
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Mean pore radius (nm)

Figure 6.17 Relationship between effective diffusivity and mean pore
radius
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CHAPTER 7

RELATIONSHIPS BETWEEN LABORATORY
FINDINGS AND MINE STUDIES OF GAS IN COAL

7.1

INTRODUCTION

Three studies relating to emissions of gas in underground coal mines are presented
in Appendices 4-6. The first (Appendix 4), is a published paper (Beamish, 1990),
which describes gas emission and outburst research work using continuous gas
monitoring, at No.2 Mine, Collinsville in the Bowen Basin, Queensland, Australia. This
work was undertaken, between 1980 and 1984, as part of an Australian National
Energy Research, Development and Demonstration Grant (Beamish etal., 1985). The
information on Leichhardt Colliery, in the Bowen Basin (Appendix 5), is based on a
literature study of gas emission and outbursts at the mine (Moore and Hanes, 1980;
Gray1 1980; Gray 1983). Field investigations of gas parameters at Huntly West Mine,
Huntly Coalfield, New Zealand (Appendix 6), were conducted by the author during
1989 and 1990, in collaboration with staff and students of the Department of Mining
Engineering at The University of Auckland and Huntly West Mine personnel (Way,
1989; Ashton, 1990; Beamish and Vance, 1990).

This chapter discusses the application of the results of the laboratory studies in
Chapters 4, 5 and 6 to the understanding of gas phenomena in underground coal
mines, using these three case studies as examples. In particular, greater emphasis
is placed on the effects of coal type variations in the working seam.
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7.2

SUMMARY OF LABORATORY SORPTION STUDIES

A summary diagram of sorption isotherms for a Bowen Basin medium volatile
bituminous coal (ERDC7) and a Huntly Coalfield Subbituminous coal (52/085) is
presented in Figure 7.1. On a raw coal basis, which is how the coal exists in the
seam, it can be seen that the ERDC7 bright coal has the highest sorption capacity in
a dried state.

This is in close agreement with the surface area measurements

presented in Chapter 4. Therefore, it would be expected that, in-situ, a higher gas
content could be expected for bright coals than dull coals. The most significant effect
on sorption capacity is the level of moisture present in the coal. For an increase in
moisture from 0.3% to 1.1%, the ERDC7 dull sample has its sorption capacity reduced
from 25.1 cc/g to 19.5 cc/g at 5.1 MPa.

Sample 52/085 has its sorption capacity

reduced from 22.6 cc/g to 6.5 cc/g for an increase in moisture from dry state to 11.6%
at a similar pressure. The normally quoted increase in sorption capacity with rank is
clearly more a function of moisture content in the raw coal state. Higher rank coals
have lower moisture and thereforethere is Iess competition between gas and moisture
for sorption sites.

It is clear from the results of the laboratory studies reported in Chapter 6, that
desorption rates of bright and dull coal in the same seam are different (Figure 7.2).
The primary cause of the difference in the desorption rates of the dull and bright coal
is the maceral composition of each.

Bright coal bands rich in vitrinite (eg sample

ERDC5 bright in Figure 7.2) are predominantly microporous and their slow desorption
rate is generally described by a unipore diffusion model.

Dull coal bands rich in

fusinite and semifusinite, with minor amounts of vitrinite (eg sample ERDC1 dull in
Figure 7.2) have a larger degree of macroporosity and their fast desorption rate is
generally described by a bisdisperse pore diffusion model. An exception is dull coal
bands containing the inertinite maceral inertodetrinite (eg sample ERDC5 dull in Figure
7.2), which behaves in a similar mannerto bright coals. The different desorption rates
displayed by dull and bight coal bands has serious implications for face emissions and
gas contents, in-seam gas drainage, and outburst-proneness of a seam.

Figure 7.1 Methane isotherms for a Bowen Basin medium volatile bituminous
coal (ERDC 7), and a Huntly Coalfield Subbituminous coal
(52/085)
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Figure 7.2 Typical desorption data for Bowen Basin Iithotypes with
diffusion model curves superimposed
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7.3

GAS EMISSIONS AND OUTBURSTS

7.3.1

7.3.1.1

General Mining and Geotechnical Factors

Gas emission rates and outburst criteria

The majority of gas emission research work has been applied to Iongwall mining with
methane as the dominant seam gas, although in recent times the presence of carbon
dioxide in Australian coal mines, particularlythe Sydney Basin, has been an increasing
area of research interest. Gas emission from the face area is closely linked to face
advance rate and coal production (Klebanov, 1971; Noack, 1976; Myszor, 1974;
Cybulski and Myszor, 1974; Airey, 1971). Also, in bord and pillar workings, increase
in rate of advance appears to correlate with increased gassiness in the working face
(Hargraves et al., 1964) and conversely any period of face delay results in a decrease
of gassiness in the working face (Beamish, 1990). Similarly, the presence of any form
of seam gas predrainage impacts on the seam gassiness.

However, caution is

required when assessing the effects of these measures of gas reduction as
unsurveyed boreholes can deviate markedly from their intended path, leaving areas
of coal undrained.

Also, the effect of in-seam gas drainage may not be uniform

through the seam profile or in lateral extent.

Regional assessment of outburst-prone areas has been routinely conducted in
Australia for a number of years. Projections have been confined to deep mines within
a certain rank of coal - high rank bituminous. The most common parameter used on
a regional level is the gas content of the coal.

Originally, threshold values were

determined as 9 m3∕t for methane and 5 m3∕t for carbon dioxide, based on empirical
experience from operations in Australia and Germany (Beamish, 1984).

However,

these limits are constantly under review, particularly for mixed gas situations, and may
vary from one mine to another (Williams and Slater, 1995).
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7.3.1.2

Risk of Outbursting

Hargraves (1993) suggests that in categorising the risk of outbursting, the first
consideration will be the mining method:

1.

cross measuring into the seam;

2.

development heading in the seam;

3.

Iongwall advancing;

4.

Iongwall retreating; and

5.

pillar extraction.

These categories are in order of decreasing outburst proneness. Cross measuring
into a seam is given the highest rating, as in this situation mining is advancing from
a more competent material to a Iess competent material. Upon intersecting the seam,
the confining pressure of the surrounding rock is suddenly removed, and if gas is
present in the seam in sufficient quantity it can be released very rapidly. Advancing
a heading into the seam creates a situation of atmospheric conditions at the working
face with much higher virgin gas pressures only a short distance in front.
Encountering any seam weakness or disruption therefore can be catastrophic, as
again confinement of the seam is seriously diminished. Longwall advancing suffers
in a similar manner to development headings, although the rate of advance is usually
Iess and gas is able to drain away naturally.

Mining by Iongwall retreat is often

performed through an area already drained, whether by in-seam drainage boreholes
or natural drainage into the roadways used to delineate the Iongwall block. Due to the
high productivity of this technique gas emission into the face area is more of a
problem in Iongwall retreat. Again, this can be adequately dealt with by well planned
in-seam drilling and drainage. Gas problems with pillar extraction are non-existent as
the pillars have drained naturally into the surrounding roadways after development.
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Hargraves (1993) points out faults are not a pre-requisite for instantaneous outbursts.
However, seam disruptions are a common feature associated with Outbursting
phenomena. Moreover, it appears that in order of proneness based on faults, Strikeslip>reverse>normal, although Hargraves (1993) refutesthis concept. Otherfeatures
such as Paleochannels and floaters in the seam also cause disrupted (sheared) coal
to be present due to differential compaction. Dykes cutting a seam provide conditions
resembling cross measuring according to Hargraves (1993).

As stated earlier, only the high rank bituminous coals have been considered outburstprone from Australian experience.

However, instantaneous outbursts are not

impossible in Iow rank coals, with examples being cited at Valenje Colliery, Yugoslavia
(Hargraves, 1983). NewZeaIand Mines Department records (Patterson etal., 1967)
show instances of outburst associated phenomena in underground mining of lower
rank coals.

7.3.2 Effects of Sorption Capacity

7.3.2.1

Seam gas composition

Generally, coal adsorbs about twice as much pure carbon dioxide as it does pure
methane (Figure 7.3). A range of intermediate isotherms is obtained for mixed gas
compositions, with a regular increase in total gas content occurring as the percentage
of carbon dioxide increases (Figure 7.3). Consequently, for a given seam pressure,
larger volumes of carbon dioxide can exist and emission problems therefore become
more acute. The surface area measurements in Chapter 4 also indicate that vitriniterich coals have a larger carbon dioxide sorption capacity than their inertinite-rich
equivalents, similar to the methane results in Chapter 5.
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Figure 7.3 Adsorption isotherms for mixed gases of different initial
compositions (from Greaves et al., 1993)
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7.3.2.2

Gas content in the working face

It has often been reported in the literature that coal in the vicinity of an outburst is drier
(Hargraves, 1993).

If this is the case, then according to isotherm data for a given

pressure the coal adsorbs more gas when in a lower moisture state. Consequently,
gas migrating to the exposed coal face may become readsorbed onto the coal in the
immediate face zone, thus elevating the gas content (Figure 7.4). This may also help
to explain the larger than expected volumes of gas released in an outburst. Also1
when draining the coal a pressure Iag effect exists along similar lines. Should such
a mechanism exist, then it would be even more important in coals of Iow rank, which
have high in-situ moisture contents and which are known to dry out very readily.

Low rank Subbituminous coals with their high moisture contents have higher pressure
gradients for a given gas content. For example, using the summary isotherms from
Figure 7.1, a Huntly coal with agas content of 6.5 cc/g has a sorption pressure of 5.2
MPa. For the same gas content ERDC7 dull moist coal has a sorption pressure of
only 0.6 MPa. Consequently, gas content threshold limits for Outbursting in high rank
coals do not directly transfer to Iow rank coals.

7.3.2.3

Water infusion for outburst-proneness reduction

Water infusion has been used as a method of controlling outbursts in some countries
(Jackson, 1984). It is believed that as humidity or moisture increases, the capability
of the coal to accumulate elastic strain energy decreases and the permanent
nonrecoverable strain energy increases. In this way Peng (1978) proposes that the
energy index of liability to outburst Wθl decreases. Hargraves (1983) points out that
when the infusion is stopped, the methane tends to reverse the process and so the
effects of infusion are not Iong lasting.

The influence of water infusion could equally be explained using sorption isotherm
results. With an increase in the coal moisture state at high pressure (5-7 MPa), the
water molecules would begin to compete with the methane molecules for sorption sites
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Figure 7.4 Effect of coal drying on sorption capacity

Figure 7.5 Effect of water infusion on sorption capacity
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and subsequently displace them, hence lowering the gas content of the coal (Figure
7.5). Hargraves (1983) reported on Iongwall faces in the USSR1 where high pressure
infusion had the effect of driving the gas from the coal with a whistling sound. Once
the water infusion pressure is removed, natural drainage would recommence including
Ioss of moisture. As explained before, the gas content would again increase at a
given pressure.

7.3.2.4

Regional effect of vitrinite content on seam gassiness

Williams and Rogis (1980) proposed that a distinct relationship existed between the
coal rank and Outbursting at No.2 Mine, Collinsville, such that Outbursting only
occurred in coal with greater than 1.2% vitrinite reflectance. They also noted that the
vitrinite content of the mining section (the top 2.5 m to 2.8 m of the seam) increased
from 28%, 200 m east of the Western Panels Fault (Appendix 4 - Figure 6) to a
maximum of 48% near the fault. The increase in vitrinite content was confined to the
lower halfof the mining section, being 63% compared to 26 % in the top section in the
vicinity of the fault.

When vitrinite reflectance and vitrinite content (taken from Williams and Rogis, 1980)
are plotted (Figure 7.6) with the Hargraves emission values (EV) readings (Hargraves,
1962) along a profile of the Western Panels area, it is clear that the vitrinite content
of the coal displays a greater association with the EV readings. Such a correlation
would be expected from the laboratory data which suggests the vitrinite-rich coal has
a greater ability to retain its gas. Hence, the gas content gradient inferred by the EV
readings in this case is a direct result of differential desorption from the coal.

Face cut-out cycle (FCC) emission profiles for 48 Level West approaching the Western
Panels Fault (Appendix 4 - Figures 10-12) show a similar response to the EV
readings. The gas stored in the vitrinite-rich coal is released during face cutting in
response to particle size reduction of the face coal. This coal was also highly sheared
allowing a much finer particle size to be produced during cutting, resulting in higher
emissions as the vitrinite content increased approaching the fault. In this case the

40

30

Vitrinite content (%)

Emission value (cc/g)/Reflectance

50

20
Distance from Western Panels Fault (m)
Figure 7.6 Profiles of vitrinite reflectance, vitrinite content and EV
readings approaching the Western Panels Fault
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presence of the sheared coal also had the effect of draining over prolonged periods
of face stoppages and during slow driving of roadways, because of its sheared nature.

7.3.3 Effect of Sorption Rate

7.3.3.1

Seam gas composition

Greaves etal. (1993) reported on a mixed gas sorption experiment using an initial gas
composition of 75%CH4∕25%CO2, which resulted in a final adsorbed gas composition
at a pressure of 7.1 MPa of 28%CH√72%CO2. Subsequent desorption resulted in the
following:

1.

Methane was released relatively quickly as pressure fell and the
methane content of the coal dropped rapidly (Figure 7.7); and

2.

Significant desorption of carbon dioxide did not occur until pressures of
Iess than 0.7 MPa were achieved (Figure 7.8).

The delay in release of the carbon dioxide until Iow pressures were achieved has
implications for gas emissions and Outbursting in seams containing carbon dioxide.

7.3.3.2

Coal Iithotype variation in the working face

Biggam et al. (1980) presented a tabulation of EV readings from a full face exposure
in the Western Panels area of No.2 Mine, Collinsville (Appendix 4 - Figure 6). This
data has been redrawn and contoured to emphasise the significance of the results
(Figure 7.9). The EV values ranged from 0.43 to 1.18 cc/g, and displayed a increase
from the top of the working section to the bottom of the working section. A visual
examination of the seam in this area reveals that the upper half is predominantly dull
coal and the lower half is predominantly bright coal, separated by a bedding plane
fault. The vitrinite content of the seam, as noted by Williams and Rogis (1980) in the

Gas content (cc/g)
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Figure 7.7 Methane sorption history for an initial adsorption gas
composition of 75%CH4 / 25%CCL. Adsorbed gas
composition at the final pressure of 7.1 MPa was
28%CH4 / 72%CO2 (from Greaves et al., 1993)

Figure 7.8 Carbon dioxide sorption history for an initial adsorption gas
composition of 75%CH4 / 25%CO~. Adsorbed gas
composition at the final pressure of 7.1 MPa was
28%CH4 / 72%CO2 (from Greaves et al., 1993)
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Figure 7.9 Hargraves EV readings taken across a working face (modified from Biggam et al., 1980)
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previous section, is consistent with this.

In a free face environment, according to the results from Chapter 6, gas in the duller,
inertinite-rich part of the seam would have rapidly desorbed and any desorption taking
place after retrieving the EV sample would be on the slow part of the desorption curve.
In contrast, however, the brighter, vitrinite-rich part of the seam would have retained
most of its gas content and would rapidly release it on reducing the particle size as
is the case with the EV reading procedure.

This same differential desorption

phenomenon was well recognised by the face crews at Collinsville, and it was
common knowledge that taking an EV reading in the duller coal produced a lower EV
than in the brighter part of the seam. The significance of this "home truth" was not
fully understood at the time and was often mistaken for implying the dull coal was
impermeable in comparison to the bright coal. Hargraves (1962), acknowledged that
coal type may make a difference to EV readings, but gave no explanation as to why.
He recommended that EV readings be taken from duro-clarain or in a consistent coal
band for direct comparison.

A second trend is also observable in Figure 7.9.

The EV readings progressively

decrease away from the virgin rib side, which is again more noticeable in the upper
part of the working section.

Bedding plane permeability is high according to

Bartosiewicz and Hargraves (1985), which is being reflected in this case by the EV
readings.

Biggam et at. (1980) also observed that nearing a hole-through to complete the
forming of a pillar, EV readings were generally higher. As this region is a stressed
zone it would be expected that high readings be obtained, as the coal becomes Iess
permeable under stress and would thus retain more of its original gas content, which
could then be released again as a result of particle size reduction and in this case
removal of the sample from the stressed environment.

Desorption measurements of Iump samples taken from coal faces (Creedy, 1986;
Lama, 1986; Ashton, 1990) also display a spread of values.

Creedy (1986) has
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formulated a statistical method for analysing this data to obtain a representative in-situ
gas content. No explanation is provided to explain these variations. Creedy (1986)
recommends using the brighter coal samples from a working face, as these produce
the better results.

The rate of gas emission into the ventilating system will also be affected by this
differential desorption phenomenon. Again, this is reflected in the face monitoring
described by Beamish (1990).

A more erratic distribution of emissions occurs

throughout the gas drained panel, as compared to the undrained panel. This would
be expected if differential desorption of the seam occurred in response to the in-seam
drainage boreholes. Localised changes in specific gas emissions may also result from
a change in the seam composition with respect to banding.

The effect may be

accentuated by the differing storage capacities of the coal types. A predominantly dull
seam rich in fusinite and Semifusinite with big open macropores would be expected
to produce higher general body emissions of gas. A predominantly bright seam rich
in vitrinite would have the opposite effect. However, this seam would produce higher
emissions of gas during periods of face cutting as the particle size of the coal is
reduced enabling the retained gas to be liberated.

7.3.3.3

Gas emission indices for outburst-proneness assessment

Bartosiewicz and Hargraves (1985) looked at the application of the ΔP index to
Australian coals. The index was developed by Ettinger etal. (1958b) and has been
widely adopted in Europe and elsewhere. It works on the premise that the higher the
initial rate of gas desorption, the more the coal is prone to instantaneous outbursts
(Lidin et al., 1954).

Results obtained by Bartosiewicz and Hargraves (1985) were

rather conflicting, with mines having a history of Outbursting showing Iow ΔP values.
The only major conclusion that Bartosiewicz and Hargraves (1985) could draw was
that a striking difference existed between Bowen and Sydney Basin samples, which
were otherwise analytically comparable. Their final assessment therefore was that the
initial rate of desorption ΔP, does not appear to be a reliable index of proneness to
instantaneous outbursts for Australian coals. This index makes no allowance for the
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obvious differences observed in emission rates of inertinite- and vitrinite-rich coals
presented in this thesis.

Lama (1980) advocated the use of a L2 index based on the gradient of the desorption
curve between the interval 30 and 600 seconds, using a Iog-Iog plot. This value is
analogous to effective diffusivity as defined by Smith and Williams (1984a).

The

results showed a better response for solid dull coal, with little differentiation between
crushed (-0.5+0.25 mm) bright and dull coal. It was inferred that the dull coal could
be used in solid form to predict outburst-prone conditions. However, the results ofthis
study suggest that the desorption observed by Lama (1980) is more the norm for dull
coals which contain the inertinite macerals fusinite and semifusinite.

Therefore,

caution must be used when trying to implement desorption indices for outburst
prediction in Gondwanan coals. The role of macerals should not be overlooked and
the blanket use of fast desorption being more outburst-prone needs to be taken into
context with the size fraction used to obtain the result.

Hargraves emission value readings are a raw coal measurement, which greatly
exaggerates the difference between dull and bright coal sorption capacities as seen
in Figure 7.1.

Even if the dull and bright coal had not partially desorbed prior to

measurement, bright coal would give a higher result for Bowen Basin coals. The fact
that dull coal desorbs faster than bright coal increases this difference. Nevertheless,
a high Hargraves EV reading works in terms of outburst-proneness as it primarily says
the gas content of the coal is still high, and that the coal also desorbs rapidly when
particle size is reduced. Assessment of bright coal fractions would appear to be the
best indicators forthis index, a fact well known to the experienced coal miners at No.2
Mine, Collinsville.

The FCC emission of Beamish (1990) works, as it is a direct reading of the face coal
emission as Iong as driveage is not interrupted. In gas drainage areas care must be
taken to establish if the seam has segregated intervals of bright and dull coal. Low
readings may create a false sense of security as they may be a result of little gas in
the dull coal, with a large proportion of the original gas content still remaining in the
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bright fraction. Therefore on a tonnage mined basis the overall FCC value appears
low.

7.3.3.4

Petrographic effects on the outbursting potential of coal from Leichhardt
Colliery, Blackwater (Appendix 5)

Gray (1980) used material from Leichhardt Colliery in his paper on energy release
associated with outbursts. His desorption tests were conducted on three types of coal:

1.

normal outburst coal, east headings (Appendix 5 - Figure 2), straddling
the 3 m parting of the seam (Moore and Hanes, 1980);

2.

brecciated material from the ribs of the “North burst" (Appendix 5- Figure
2); and

3.

mylonitised (sheared) material from the "North burst" (Appendix 5 Figure 2).

These samples were subjected to methane pressurisation followed by rapid gas
pressure release, and the amount of gas liberated monitored. The mylonitised coal
showed the largest volume of initial gas released. This is not surprising as the details
of the coal samples (Table 7.1) clearly show two things:

1.

the brecciated and mylonitised coals contain a Iarger percentage of fine
material 13.6% and 24.9% Iess than 500 microns respectively, as
opposed to 4.5% from the normal coal; therefore desorption rate will be
greater; and

2.

the brecciated and mylonitised coals contain a larger percentage of
vitrinite 51% and 56% respectively, as opposed to 35% for the normal
coal; therefore the amount of gas sorbed would be greater.
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Table 7.1 Leichhardt Colliery coal samples tested by Gray (1980)
Normal coal

Brecciated coal

Mylonitised coal

1.24

1.23

1.28

Vitrinite

35

51

56

Exinite

1

0

1

59

43

38

5

6

5

Vitrinite
reflectance %
Maceral composition %

Inertinite
Mineral matter

Size analysis (mm) of material, % retained
12.7

31.0

7.2

12.3

6.35

26.6

20.0

14.2

3.18

18.1

23.0

16.2

1.00

15.0

25.4

21.2

0.50

4.8

10.8

11.8

0.25

2.6

6.6

10.8

0.125

1.0

3.1

6.1

0.0

0.9

3.9

8.0

The coal profile in the vicinity of the “North burst" (Appendix 5 - Figure 2) is shown in
Figure 7.10.

The layers of vitrinite-rich, myolinitised coal are clearly labelled and

presumably were the main coal component responsible for the outburst material.
Another notable feature of this profile is the presence of a very dull band of coal. Hunt
and Botz (1986) made particular reference to this band (Figure 7.10) in their paper on
petrographic factors in outbursts in Australian coal mines.

This coal band was

subjected to desorption rate testing by Montan Consulting (Anon, 1976), using the
method of Janas and Winter (1977) on crushed material. The coal displayed the
highest adsorption and desorption rates of coal lithologies from the Leichhardt Colliery.
The major maceral component of the dull band was inertodetrinite. However, there
was no evidence of mylonitisation in the dull layer, which was more associated with
vitrinite-rich layers.
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Figure 7.10 View of eastern rib "North burst", Leichhardt Colliery, showing mylonite banding
and inertodetrinite-rich dull coal band (from Gray, 1980)
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At first, this result would appear to be in conflict with the earlier results of laboratory
work in this thesis. However, this apparent difference is simply a result of particle size
difference in the desorption test method. In fact the two results are entirely consistent
with outburst-prone coal conditions. Namely at large particle sizes (eg in-situ in the
coal face) the desorption rate of coal rich in inertodetrinite is slow and therefore gas
is retained at a higher level. Once the particle size is reduced however, the retained
gas is rapidly released. Consequently, the dual presence of vitrinite-rich mylonitised
coal and an inertodetrinite-rich layer contributes to a much greater potential for
outbursting.

Once the mylonitised coal breaks from the face bringing the

inertodetrinite-rich material with it, and particle size reduction occurs, the gas release
is almost instantaneous.

7.3.3.5

Analysis of outburst occurrence at No.2 Mine, Collinsville

At 5:27 pm on the 16 April 1981, an outburst, No.22, (Figure 7.11), at No.2 Mine,
Collinsville (Appendix 4 - Figure 6) released approximately 35 tonnes of coal and 380
cubic metres of carbon dioxide, in the belt road 29 m west of 11A cut-through
(Beamish, 1981).

A plan view of the outburst face is shown in Figure 7.12 with

corresponding cross-sections in Figures 7.13 and 7.14. The origin of the outburst
appeared to be from the floor Iine in the centre of the roadway, 4.5 m in advance of
the face.

A rectangular prism-shaped cavity resulted.

Drill hole data placed the

intersection of the Western Panels Fault (Appendix 4 - Figure 6) with the floor of the
mining section, approximately 5 m in advance ofthe outburst face. Consequently, the
disruption to the seam caused by the fault contributed to the outburst.

As in all

previous recorded cases at Collinsville, the outburst material was extremely sheared
with a sugary texture.

Analyses of coal samples taken from the outburst location

(Table 7.2) reveal that the outburst coal had quality parameters consistent with
vitrinite-rich coal:

1.

A high crucible swelling number (CSN = 8); and

2

A higher volatile matter content than the surrounding coal.
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Conveyor Full
of Fine Coal

Figure 7.12

Plan view of continous miner location at the time of Outburst No. 22,
No.2 Mine, Collinsville, with face cross-section locations indicated

145

4m

Stone Iens
and coal

'“

^
Coal pushed
OUtfromface ^

1.5 m

AB

2.7 m

V

Figure 7.13 Face cross - sections from Figure 7.12

∣ 2.7 m

146

/Kθ

2m
v4≤------------------------------------------------------------------ ^
R∞f of mining section

Bedding plane fracture in non-sheared coal _
Cavrty roof
2.7 m
Outburst Cavity
(Depth approx. 4.5m)

>'

Stone Floor

Figure 7.14 Face cross - sections from Figure 7.12

147
Table 7.2 Coal analyses from outburst locality, 51 Level West Panel
Sample

Inherent

details

moisture

Ash

Volatile

Fixed

Crucible

matter

carbon

swell

(o∕o)

(%, db)

(%, db)

(%, db)

number

Outburst coal ejected
onto miner head

1.9

16.2

23.0

60.8

8

Coal from outburst
cavity

1.1

16.5

22.0

61.5

8

Dull coal from right
hand side of the face
above slip plane

0.6

16.8

19.4

63.8

2

Sheared coal from
right hand side of the
face below slip plane

1.6

17.9

19.7

62.4

5

The area had been undergoing gas drainage to reduce the gas levels, and a borehole
was located in the dull, upper part of the seam (Figure 7.14).

As a result of the

different desorption rates of the dull and bright coal Iithotypes1 the upper part of the
seam would have drained to a safe level, however, the bright, lower part of the seam
did not. This is reflected in the proximate analyses (Table 7.2). The dull coal had a
very Iow moisture content, which would be expected after 5 months of draining from
a borehole.

The vitrinite-rich coal also displays a high ash content, reflecting the

effects of a high mineral content, noticeably present as carbonate minerals (calcite and
siderite) infilling cleats. The presence of this material would also contribute to the
slower desorption rate of the bright coal, due to clogging of the macropore system.
A crucible swelling number of 5 from the right hand side of the face below the slip
plane, would tend to indicate the presence of banded coal, and therefore the Iow EV
of 0.50 cc/g recorded at the time of face development from this part of the seam is
consistent with faster desorption in-situ from this type of coal and a lower retained gas
content.
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7.3.3.6

Outbursting and gas content gradient

Generally, diagrams of Outbursting mechanisms are presented which place emphasis
on a gas pressure gradient existing in the face environment (Figure 7.15). Williams
and Weissman (1995) used this same diagram when discussing gas content
thresholds for outbursting. However, they believed "the most important parameter is
gas desorption rate, in conjunction with the gas pressure gradient ahead of the face".
The laboratory results of desorption rates in this thesis would support this idea.
Effectively, in the face environment as pressure is taken off the coal it is the different
desorption rates of the coal types which creates a large gas content gradient, namely:

1.

vitrinite-rich or inertodetrinite-rich coal bands do not desorb immediately,
retaining their gas and thus producing a steep gas content gradient; and

2.

fusinite-rich or semifusinite-rich coal bands Iose their gas and thus have
a shallow gas content gradient.

Consequently, as observed at No.2 Mine, Collinsville and Leichhardt Colliery,
Blackwaterthe majorthicknesses of vitrinite-rich and inertodetrinite-rich coal plies were
sufficient to create a major gas content gradient in the mining face which resulted in
outbursts occurring. Therefore, the outburst face example illustrated in the previous
section (Figure 7.14) can be explained using a gas content gradient model (Figure
7.16). The key features of this model are the different gas content profiles of the
vitrinite- and inertinite-rich parts of the working section. Naturally, the gas content
gradient effect is exacerbated if the seam gas is carbon dioxide due to its greater
sorption capacity at a given pressure and the stronger retention effect of coal as noted
by Greaves et al. (1993).

Scanning electron microscopy of Subbituminous coal from the Huntly Coalfield
indicates a well developed open macropore network in the coal (Gamson and
Beamish, 1991).

Hence, these Iow gas content coals with similar pressures to

outburst-prone high rank coals, as indicated from the field investigations at Huntly
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(a)

Normal stress distribution and gas pressure gradient

(b)

Peak stress concentration and gas pressure gradient

(c)

Conditions at time of outburst initiation
Sudden / rapid collapse of the coal barrier causes
destressing of this coal and a reduction of ambient
pressure conditions from above the desorption pressure
Iimit to suddenfy below it. Gas pressure in the fractured
coal is dependent totally upon desorption rate.

Figure 7.15 Face conditions in an outburst zone (from Williams and Weissman, 1995)
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Figure 7.16 Face conditions for outburst No. 22, No.2 Mine, Collinsville, indicating
high gas content gradient in lower part of the working section
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West Mine (Appendix 6), generally produce "gas blowers".

They also have high

specific gas emissions, (the amount of gas released in the general ventilation for the
tonnage of coal mined, Appendix 6) as noted by Beamish and Vance (1990). As a
result no major gas content gradient is created in the face area, which may well
explain the absence of outbursts in these coals.

7.3.3.7

ln-seam gas drainage

Incremental flow differences in a horizontal borehole will exist as a result of the
borehole intersecting different coal bands. Most documented histories of gas flows
from in-seam boreholes refer to high gas flow zones associated with cleat direction
and structural disturbances. However, a simpler explanation of these regions can be
attributed to the changing seam lithology, which may be occurring both through the
seam profile or laterally. Consequently, a uniform drainage pattern will not exist away
from the borehole due to differential desorption of the coal bands.

When using in-seam drilling for gas drainage it is therefore necessary to ensure good
seam coverage and to assess the borehole location with respect to the coal lithology.
This means surveying the boreholes and preferably using directional drilling with in
hole motors to ensure the seam is criss-crossed and no "shadow zones" exist. A
classic working example of this is the recording of an outburst in a gas drained area
at No.2 Mine, Collinsville, discussed in section 7.3.3.5. An in-seam borehole in the
working section had penetrated the upper dull coal part of the seam and drained the
gas from this section quite effectively. However, the lower bright coal portion of the
seam was not drained.

7.3.4 Effects of Coal Strength

A number of strength tests have been performed on small scale coal specimens from
the Bowen Basin using a uniaxial compression testing machine and a National Coal
Board (NCB) cone indenter to Iook at coal strengths of dull and bright bands and the
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deformation behaviour they display under loading (Beamish et al., 1991).

The

samples were stressed in two directions:

1.

parallel to the banding; and

2.

perpendicular to the banding.

Microstructures developed in the stressed coal blocks tested in the uniaxial
compression testing machine were also examined by scanning electron microscopy
(Beamish etal., 1991).

The NCB cone indenter numbers have been converted to uniaxial compressive
strength and are plotted against coal rank in Figure 7.17. A Iack of bright coal data
is due to the tendency for the samples to break under point Ioad in the tester,
presumably along the finer microcleats observed under SEM by Gamson and Beamish
(1991).

There is a substantial decrease in uniaxial compressive strength as rank

increases from high volatile bituminous A to Iow volatile bituminous (Figure 7.17),
although extraneous effects (e.g. mineral matter or Iiptinite content) might also play a
part in this trend. The bright coal sample stressed perpendicular to banding appears
to have a lower strength than its dull rank equivalent, whereas the opposite is true
when the sample is stressed parallel to banding. Of the high volatile bituminous coals
tested, the lowest strength is displayed by the sample rich in inertodetrinite (ERDC5
dull).

Uniaxial compression testing results are presented in Figure 7.18 for individual 1 cm
coal cubes made from layers adjacent to sample ERDC 9. Dull coal loaded parallel
and at right angles to the banding failed at high pressure, around 27 MPa. Similarly
bright coal loaded parallel to the banding (right angles to the cleat network) failed at
high pressure of 29 MPa. In comparison, Ioad applied to bright coal at right angles
to the banding (parallel to the cleat network) created failure at significantly lower
pressures of 11 MPa. Typically, the microfractures that have developed under stress
in the bright coal bands generally do not propagate into the surrounding dull coals or
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Figure 7.18 Axial deformation in dull and bright coals from the Bowen Basin.
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clays. This competency contrast has influenced the way in which microfractures have
propagated through coal bands in response to an applied stress.

When the coal strength information is combined with the sorption behaviour of coal
macerals (Crosdale and Beamish, 1995), it can be seen that the outburst-proneness
of coals rich in vitrinite and inertodetrinite is greatly increased. Basically, these coal
types will retain their stored gas for longer periods oftime in the face environment and
when failure of the coal occurs, which is more likely in these coal types due to their
lower strength, the smaller block sizes produced will release large quantities of gas
very rapidly.
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CHAPTER 8

CONCLUSIONS

8.1

INTRODUCTION

The gas/coal system and its behaviour during mining pose many problems for safe
and productive operations.

In gassy mines ignitions of methane/air mixtures and

outbursts continue to occur at frequent intervals. Studies of the sorption behaviour of
coal are important to improving our knowledge of the gas emission processes that take
place when coal is extracted from a seam. Investigations presented in this thesis of
the relationships between the pore nature of coal, maceral composition and sorption
behaviour have helped to establish fundamental links between these parameters and
observations from gassy mines.

8.2

LABORATORY STUDIES OF COAL

8.2.1 Analytical Data of Banded Coals From the Bowen Basin

Petrographically, the bright coal bands of Bowen Basin coals are vitrinite-rich, whereas
the dull coal bands are inertinite-rich. The dominant vitrinite maceral in bright coal is
telocollinite.

In contrast, the dominant vitrinite maceral in the dull coal is

desmocollinite. Both dull and bright coal contain Semifusinite asthe dominant inertinite
maceral, although one dull coal used in this study contained a high proportion of
inertodetrinite. Proximate analysis of these coals shows that the bright coal bands
have a higher volatile matter content than their dull rank equivalents.
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8.2.2 The Pore Nature of Bowen Basin Coals

Physical measurements of density, porosity and surface area of Bowen Basin banded
coals show significant differences exist between coal types and ranks. Coal density
appears to pass through a broad minimum between high volatile bituminous and
medium volatile bituminous rank.

However, more importantly, the dull coal has a

much higher density than bright coal over the same rank range. For example, in the
high volatile bituminous rank, bright coal density ranges from 1.25 to 1.28 gtec (daf),
whereas dull coal density ranges from 1.32 to 1.37 g/cc (daf).

Generally, total porosity values for bright coal ranges from 1.0 to 5.0 % and for dull
coal from 6.2 to 14.2 %.

Coal porosity covers a range of sizes including,

macroporosity (>50 nm), mesoporosity (2-50 nm) and microporosity (<2 nm). Dull coal
displays the highest macroporosity and mesoporosity, whereas bright coal has the
highest microporosity (as indicated by a high CO2 surface area). Coal type differences
are far more significant than rank differences.

Vitrinite-rich coal consisting of

telocollinite has the highest density, lowest total porosity and highest internal surface
area for vitrinite macerals. Inertinite-rich coal consisting of semifusinite has the highest
macroporosity and lowest internal surface area.

In contrast, inertinite-rich coal

consisting of inertodetrinite has a lower macroporosity, but higher mesoporosity than
other inertinfte macerals.

8.2.3 Sorption of Gas by Coal

A new technique for sorption testing of coal was developed by the author while on
secondment to the Coalseam Gas Research Institute, James Cook University,
Townsville, Australia, which used a high pressure microbalance. The key function of
performing sorption testing with a microbalance is the ability to provide results for
direct comparison of effects of:

1.

Coal type (selected Iithotypes or maceral concentrates);
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2.

Coal porosity and microstructure; and

3.

Particle size (micron sized to centimetre) related to sorption rate.

Gas is stored in coal in a physically adsorbed state, which is adequately described by
the Langmuir isotherm.

The sorption capacity of coal is strongly influenced by

moisture and mineral matter content. Moisture competes with gas for sorption sites,
and thus the higher the moisture the lower the sorption capacity. Mineral matter in
coal does not adsorb gas, and acts as a diluent. Therefore the higher the mineral
matter content the lower the sorption capacity of the coal. Coal type effects are also
significant, with bright coal having a higher sorption capacity than dull coal, due to a
higher degree of microporosity.

Sorption capacity has frequently been reported as increasing with rank (Kim, 1977;
Curl, 1978). However, the results of CO2 surface areas and methane sorption in this
study confirm the previously documented work of Botham (1958), which shows a
broad U-shaped trend in sorption capacity with rank. The misconception of increasing
sorption capacity with rank arises from the fact that higher rank coals have lower
moisture contents, providing Iess competition between moisture and gas for sorption
sites. There appears to be no substitute for laboratory testing to assess the sorption
behaviour of individual coals. Predictive isotherm models for coal such as that derived
by Kim (1977), place too much emphasis on rank.

Both unipore and bidisperse pore diffusion models have been applied to Bowen Basin
coal desorption data. The unipore model does not describe the Iong term desorption
for all samples. Coals fitting this model typically have simple pore distributions and
are usually mono-maceral bright coals with very high vitrinite percentages (usually >
80%). This model is also applicable to samples high in inertodetrinite. Gas desorption
from these coals is very slow and uniform.

Coals not fitting the unipore model can be described by the bidisperse pore model,
especially banded or dull samples with complex pore distributions. Petrographically,
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these coals contain a variety of maceral types and usually include mixtures of vitrinite
and inertinite.

In coals where fusinite and semifusinite predominate, desorption is

initially very rapid with over 50% of stored gas being released in a matter of minutes
from coal lumps 8 mm in diameter, followed by a much slower phase of desorption
from the finer micropore system of the coal.

8.2.4 Low Rank Coal

Subbituminous coal from the Huntly Coalfield, New Zealand, has a Iow sorption
capacity in-situ, due to its high moisture content.

In a dry coal state, the sorption

capacity of this coal is extremely high, with an indicated Langmuir volume of 31.5 cc/g.
Gas contents as high as 2.2 m3∕t (cc/g) have been recorded (Appendix 6), which from
laboratory isotherms indicates an in-situ gas pressure of 0.95 MPa. Such pressures
are consistent with observations during mining of “blowers" from the seam, and
difficulties experienced in pumping a survey tool down a borehole due to back
pressure, during in-seam drilling.

8.2.5 Coal Strength

Coal strength, as indicated from NCB cone indenter testing, decreases with rank.
However, coal strength is also significantly affected by coal type.

Uniaxial

compression testing of both dull and bright coal bands shows the bright coal has a
lower strength. Also, NCB cone indenter testing of dull coal bands indicates dull coal
rich in inertodetrinite has a lower strength than dull coal rich in semifusinite, and may
be related to the matrix in which the inertodetrinite occurs. The dull semifusinite-rich
coal appears to behave in a more ductile manner to applied stress, whereas the bright
vitrinite-rich coal is brittle.

160
8.3

APPLICATION

OF

LABORATORY

GAS

SORPTION

FINDINGS

TO

EMISSION AND OUTBURST PHENOMENA IN UNDERGROUND MINES

Coal type has a significant effect on the pore nature and gas sorption behaviour of
Bowen Basin coals. Bright, vitrinite-rich, coal tends to have a higher sorption capacity
and slower desorption rate due to a well-developed microporosity.

For dull coal,

except dull coal rich in inertodetrinite, the opposite applies, due to a well-developed
macroporosity. Consequently, in the working face environment bright coal tends to
have a higher retained gas content that translates into a larger gas content gradient
ahead of the face during mining.

This is reflected in the strong relationship of

increasing Hargraves Emission Values (EV) with vitrinite content ofthe working seam
at No.2 Mine, Collinsville, Australia. Also, face cut-out cycle emissions values show
a similar relationship with increasing vitrinite content.

A gas content gradient can also exist across the mining face itself. This is seen in the
EV readings presented by Biggam et al. (1980) for a mining face at No.2 Mine,
Collinsville.

The lower part of the seam is dominated by bright, vitrinite-rich coal

compared to the upper part of the seam. As a result, EV readings in the lower part
of the seam are significantly higher than those taken from the upper part of the seam.
A direct consequence of this effect is the occurrence of outbursting from this lower
portion of the seam.

In most models of outbursting, a key factor is the existence of a high gas pressure
gradient ahead of the mining face. This gradient increases when mining advance
rates are fast. However, it is clear from the coal type sorption effects presented in this
thesis that it is more likely that a high gas content gradient is a prime cause of the
outbursting phenomena. The slow desorption rate of vitrinite-rich and inertodetriniterich coal, combine with their lower strength to increase the outburst-proneness of mine
faces containing significant thicknesses of coal bands rich in these components, as
occurs in Australia at No.2 Mine, Collinsville and Leichhardt Colliery, Blackwater. The
experience of gas blowers, as opposed to outbursts, at Huntly West Mine, New
Zealand, is more consistent with the high in-situ pressures, and rapid desorption
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through a well-developed open macroporosity system.

8.4

FUTURE RESEARCH

8.4.1 Gas Emission Indices for Outburst-Proneness Assessment of Bowen
Basin Coals

Now that it has been established that coal type plays an integral part in gas emission
from Bowen Basin coals, the previous work to establish emission value indices for
outburst-proneness needs to be reassessed, as most of the conflicting evidence
obtained can be explained from the findings of the present study. The use of the
Hargraves EV test has been discontinued and should be reconsidered.

Validity of the Hargraves EV test for Bowen Basin coals can be examined under
laboratory conditions using the microbalances housed at the Coalseam Gas Research
Institute. The basic procedure would be to study the influence of coal type in detail
with 4 g of the duplicate face coal sized to -1.2 mm +0.5 mm (ie the same amount and
size fraction used by Hargraves, 1962), pressurised with methane and then releasing
the gas to atmospheric, in monitored pressure steps as follows (note - initial pressure
and final pressures would be governed by in-situ measurements):

1.

Introduce methane to the coal at 2 MPa and allow to equilibrate if
possible;

2.

Release pressure to 1.5 MPa and monitor release rate;

3.

Release pressure to 1.0 MPa and monitor release rate;

4.

Release

pressure to atmosphere

microbalance 1.

and

monitor release rate

in
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5.

Retrieve the duplicate sample from microbalance 2 and place it in the
Hargraves EV meter to measure the EV value for the coal.

The stepped pressure release rates will give an indication of gas content gradient in
the mine face in response to the existing gas pressure gradient.
release will show the expected Hargraves EV response.

The final pressure

At this stage it must be

remembered that the initial minute of desorption is not measured as the sample is still
being retrieved from the face.

By simulating this test procedure a better understanding should be obtained of gas
content and emission values from a working face where samples are taken from
differing coal types. Repeating the same exercise on larger solid single lumps of coal,
which are crushed at the end would give a good simulation of the GeoGAS quick
crush test.

8.4.2 Gas Sorption Studies of New Zealand Coals

Sorption characteristics of New Zealand coals are absent in the literature, and the one
sample used in this thesis has been site specific to enable comparison with the mine
site experience at the Huntly West Mine.

A wider range of New Zealand coals

covering different ranks and types needs to be investigated using the microbalance
technique developed at the Coalseam Gas Research Institute.

This work is in

progress with sorption isotherm and sorption rate data being obtained through a
collaborative project between the University of Auckland and the Coalseam Gas
Research Institute.
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Proximate analysis of New Zealand and Australian coals by thermogravimetry
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nitrogen atmosphere, and the ash content is defined as the
residue after heating the sample in air at 815oC until constant
weight is reached. The fixed carbon content is obtained by
difference from 100%..
Elphick (1960) reported on a technique for analysing
small quantities of coal down to 0.1 g, which gave results
comparable with normal procedures. The approach relied
on using the standard procedure and developing correction
Abstract A technique has been developed at The
factors for sample weight. A more sophisticated approach
University of Auckland for proximate analysis of coals by
has been possible with sample weights down to 10 mg
theπnogravimetry using sample weights of <20 mg. Samples
from three New Zealand coalfields and the Bowen Basin of
using thermogravimetry (TG), which provides a rapid,
Queensland, Australia, have been analysed. Coals tested
accurate, Iow cost method of analysis (Wame 1991). The
TG technique also offers the opportunity to complete the
range in rank from Subbituminous to semianthracite, and
determinations for moisture, volatile matter, fixed carbon
have ash contents from 3.1 to 21.4% on a dry basis. Results
and ash directly, on a single sample, in a sequential manner.
obtained using the technique are within acceptable precision
limits of the standard procedure. Volatile matter content of
Proximate analysis of coals by TG has been investigated
by Ottaway (1982), Cumming & McLaughIin (1982),
the coal shows a logarithmic increase with decreasing sample
Rosenvold et aI. (1982), and Elder (1983). CoaIs tested
weight. To minimise this effect on repeatability, and to
were from the United Kingdom and the United States.
optimise the equipment capabilities, sample weights of 15.5
± 0.5 mg shouid be used. The technique is ideally suited to
Reasonably good agreement was reported with the standard
proximate analysis determinations of all the coals. However,
(1) analysing samples where insufficient material is available
for standard proximate analysis, and (2) correlation with
a closer examination of the data from these studies reveals
microstudies of coal.
the agreement is not within precision limits set by the
standards.
Keywords thermogravimetry; proximate analysis; coal;
The purchase of a new simultaneous thermal analyser
reproducibility; repeatability
(STA) by the Department of Geology at The University of
Auckland has provided the opportunity to assess the
applicability of proximate analysis of New ZeaIand and
INTRODUCTION
Australian coals by TG. A series of three coals was supplied
by the Coal Research Association of New Zealand, which
Cuttings from petroleum and coal exploration programmes
had already undergone proximate analysis according to the
often contain fragmentary material that is useful for rank or
ISO standard (Table 1). Coals selected were Ohai
quality determination. In some circumstances, only small
Subbituminous (Wairaki No. 6 Mine), Greymouth bitu
quantities of coal sample (less than a few grams) are available
minous (Strongman Mine), and Huntly Subbituminous
for analysis, which makes it difficult to obtain a standard
(Huntly East Mine). In addition, three coal samples from
proximate result. Proximate analysis of coals follows a
the Bowen Basin, Queensland, Australia, were sent to CoaI
standard procedure which measures the moisture, volatile
Research for proximate analysis (Table 1), and the remaining
matter, and ash content on three separate 1 g splits drawn
homogenised sample returned for comparative studies using
from a homogenised sample. The procedure used is
the TG technique. This paper describes the major steps used
prescribed by national standards organisations (e.g.,
to 'develop a standard TG test procedure, which produces
Australian Standard AS 1038.3, 1989; British Standard BS
proximate analysis results within acceptable limits for
1016 Pt4; International Standards Organisation ISO 5068/
repeatability and reproducibility.
1983 moisture, ISO 562/1981 volatile matter, ISO il71/
1981 ash) and requires the samples to be heated under
DEVELOPMENT OF A STANDARD
specified conditions at a selected temperature. Moisture is
THERMOGRAVIMETRIC PROCEDURE FOR
determined by measuring the weight Ioss obtained by heating
PROXIMATE ANALYSIS OF COAL
the sample in nitrogen at 105-1 IOoC until constant weight
is reached. Volatile matter is determined by heating the
A summary of the operating conditions and procedures
sample at 900oC for 7 min in a covered crucible in a
used in previous studies of thermogravimetric proximate
analysis of coals is contained in Table 2. It is evident that a
number of variations have been used, without a clear standard
procedure being developed, although Larkin (19438)
described an attempt to develop a standard method for
G94006
compositional analysis using TG. This perhaps has
Received IOJune !994; accepted 15 Augusl 1994
contributed to the Iack of precision in the results obtained to
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Initial procedure

instead of oxygen to bum off the fixed carbon. The sample
was heated in a nitrogen atmosphere to 1IO0C at a rate of
50oC∕min and was maintained at that temperature for 5 min
to ensure a constant weight was achieved. Weight Ioss
recorded by the STA is due to moisture (Fig. 1). The
temperature of the STA was then raised to 950oC at 50oC∕
min, and maintained at that temperature for 42 min. A
separate timing device was set at 0.92 h at the beginning of
the test run, which automatically switched the operating
atmosphere from nitrogen to air (Fig. 1). Weight Ioss prior
to this switch over was due to Ioss of volatile components
from the coal, and weight Ioss following the introduction of
air was due to oxidation of the residual carbon. The timing
device setting was found by trial and error by monitoring
the volatile release until a reasonably constant weight was
achieved. The residue at the end of the combustion process
is the ash content of the coal.
Results obtained in these initial tests (Table 3) were
encouraging, being comparable with the standard values
obtained by Coal Research.

Initially three tests were performed on each of the New
Zealand coals using sample weights in the upper 75% of the
weight range selected (15-20 mg). The operational
procedures adopted at this stage were basically those
described by Wame (1991), except that the heating rate of
the analyser was limited to 50°C∕min, and air was used

Buoyancy effects
Ottaway (1982) read all values directly from the TG chart.
However, Cumming & McLaughlin (1982) recognised the
need for a buoyancy correction to allow for the small
differences in balance reading at the various temperatures

date, which is seen by some as a deficiency of the technique.
Another factor that has often been raised is the question of
representativeness of the sample used. However, as Charsley
& Warrington (1988) point out, if a 1 g sample is seen as
representative of IOOO t shipments, then 10 mg may be
reasonably extracted from the 1 g.
Variability of test conditions
The equipment used in this work was a Polymer Laboratories
Simultaneous Thermal Analyser STA 1500, which is fully
computer controlled with data storage/retrieval and software
analysis programs. Two parameters were selected to be
fixed in all experiments. The first of these was heating rate,
which is equipment related. The maximum heating rate of
the instrument, 50oC∕min, was used, similar to Cumming &
McLaughlin (1982). Secondly, samples were prepared by
Coal Research as per the standard for proximate analysis at
a size fraction of <212 μm.

Table 1

Samples used for testing.______________________________________________________
Proximate analysis
Volatile
matter

Sample

Coal rank

Location

Subbituminous
Subbituminous
high volatile bituminous

Bowen Basin
Collinsville
53/527
Harrybrandt
53/883
53/884
Yarrabee

medium volatile bituminous
Iow volatile bituminous
semianthracite

Table 2

Ash

(%) dry basis

(%) air-dried basis

New Zealand
Huntly
52/085
52/057
Ohai
Greymouth
52/109

Fixed
carbon

13.4
11.5
6.3

44.9
41.6
42.0

50.9
54.8
54.9

4.2
3.6
3.1

1.9
1.8
2.8

20.7
13.3
8.4

57.9
66.0
85.9

21.4
20.7
57

Summary ofTG methods used for proximate analysis.
Elder(1983)'

Cumming &
McLaughlin (1982)

Warne(1991)

Perkin - Elmer
, 5-10
<250

Slanton - Redcroft
50 ± 0.5
<210

Perkin - Elmer
10
<212

110
250
1
nitrogen

110
160
4.5
nitrogen

105
50
constant weight
nitrogen

IlO
100
constant weight
nitrogen

900
250
1
nitrogen

900/950
160
5
nitrogen

900
50
7
nitrogen

950
100
constant weight
nitrogen

900
oxygen
residual

900/950
oxygen
residual

815
air
residual

950
oxygen
residual

Ottaway (1982)
Stanton - Redcroft
Balance
10
Sample weight (mg)
<212
Size fraction (μm)

Moisture
Temperature (°C)
Rate (oC∕min)
Time (min)
Gas

Volatile matter
Temperature (oC)
Rate (oC∕min)
Time (min)
Gas

Fixed carbon
Temperature (0C)
Gas

Ash
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used in the test. They applied a fixed correction to both the
volatile and ash readings, and assumed the correction at the
moisture temperature to be negligible.
Applying the Cumming & McLaughlin (1982) correc
tions to early testing did not prove very successful.
Consequently, the buoyancy correction was closely
examined, and it was found that the ash value from the TG
profile at the end of the test varied significantly from the
value obtained by reweighing the residue and crucible (Table
4). The difference between the two values does not appear
to be systematic, and is certainly not a constant value as
suggested by Cumming & McLaughlin (1982). This is not
surprising as the parameters aftecting buoyancy are
numerous, including the density of coal, which is known to

Table 3

Initial proximate analysis results for New Zealand coals.
Proximate analysis

Sample
Sample/ weιgnι
MOisture
Run no.
(mg) (%) air-dried basis

Volatile Fixed
matter carbon

Ash

(%) dry basis

52/057
228
231
232
Mean
σ

15.90
14.85
16.66
15.80
0.74

10.8
10.8
10.5
10.7
0.1

41.9
41.9
41.6
41.8
0.2

55.2
2.9
54.7
3.4
54.5 • 3.9
54.8
3.4
0.3
0.4

52/109
229
233
234
Mean
σ

16.65
15.39
16.14
16.06
0.52

5.9
5.7
5.1
5.6
0.3

42.4
42.3
42.3
42.3
0.1

54.9
54.7
55.4
55.0
0.3

2.7
3.0
2.3
2.6
0.3

52/085
236
237
238
Mean
σ

18.37
17.98
18.71
18.35
0.3

12.7
12.7
12.9
12.8
0.1

45.7
45.9
45.6
45.7
0.1

51.3
51.1
51.2
51.2
0.1

3.0
3.0
3.2
3.1
0.1

vary according to coal rank and type, and the density of the
mineral matter present in the coal (van Krevelin 1993).
As both the volatile matter and fixed carbon content
determinations were made at the same temperature, it is
reasonable to assume that the volatile matter∕fιxed carbon
ratio can be read directly from the TG data file. Therefore,
the true weight losses are apportioned as follows:

Table 4 Differences in ash values obtained from the TG data at
900oC, and by reweighing at room temperature.
TG ash_____ Reweighed ash______
Run no.
52/085
453
454
457
458
52/057
438
439
440
441
52/109
398
442
455
456
53/527
459
460
461
462
53/883
422
424
426
429
53/884
423
425
427
428

% air-dried basis
4.8
3.8
4.4
4.5

3.3
3.4
3.3
3.2

3.0
3.9
4.3
3.8

3.1
2.8
3.0
2.8

3.8
4.5
3.6
4.1

2.8
2.6
3.0
2.9

22.2
22.4
21.5
21.7

21.4
21.8
21.2
21.3

22.1
21.6
21.6
21.6

20.5
20.1
20.4
20.1

6.5
6.4
6.2
6.6

5.5
5.5
5.5

56
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Fig. 2 Dependence of volatile
matter on sample weight, as
illustrated by sample 52/057.

moisture content {M in mg) = weight Ioss recorded by TG
ash content {A in mg) = residual weight measured by
reweighing at the end of the test
volatile matter {VM in mg) = VΛ∕τc * (sample weight - M A)∕{VMτa + FCτc)
fixed carbon {FC in mg) = FCjQ * (sample weight - M -A)l
{VMτc + FCτc)
The effect ofsample weight
Elphick (1960) reported on the effects ofsample weight on
the volatile matter yield of New Zealand coals and showed
that by decreasing the sample weight from the standard 1 g
down to 0.1 g the measured volatile matter yield increased.
Therefore, to make the results comparable to the standard,
correction factors were necessary. This difference in volatile
matter yield with sample weight was not addressed by any

TabIe 5 Proximate analysis results for Ohai Subbituminous coal
(52/057) by TG using different sample weights.
Proximate analysis

Run no.

Sample
weight
(mg)

Moisture
(%, adb)

Ash
(%, db)

Volatile
matter
(⅞, daf)

303
304
305
306
328
329
330
331
332
333
334
335
340
341
342

17.68
15.37
16.32
18.09
11.78
3.98
7.96
10.01
6.18
13.21
3.66
17.95
15.01
15.13
14,87

9.2
10.1
9.3
10.0
10.2
10.6
10.4
9.0
8.1
8.0
10.4
9.9
9.3
9.5
9.3

3.4
3.2
3.1
3.2
3.2
3.1
3.2
3.1
2.8
3.2
3.0
3.3
3.6
3.3
3.1

42.3
43.2
42.9
42.8
44.1
47.7
44.8
43.8
45.4
43.1
48.1
42.6
43.7
43.3
43.7

of the previous studies on proximate analysis of coals by
TG. Ottaway (1982) and Wame (1991) used c. 10 mg of
sample, Elder (1983) used 5-10 mg of sample, and Cumming
& McLaughlin (1982) used 50 ± 0.5 mg of sample, without
justifying the reason for a restricted sample weight range.
Weights of 4-18 mg for sample 52/057 were sub
sequently used in this study to assess the effect on the
proximate analysis determination (Table 5). The ash content
values did not vary with sample weight, consistent with the
findings OfElphick (1960). The moisture content variations
can be attributed to sampling, as it was noted that samples
taken from the top layer of the stored coal produced lower
moisture values (presumably as a result of surface drying).
A plot of volatile matter against sample weight (Fig. 2),
yields a similar trend to that observed by Elphick (1960).
As the weight of the sample decreases the measured volatile
matter increases.
The actual standard value for sample 52/057 and
reproducible limits of 1.0% have been superimposed on the
volatile matterplot (Fig. 2). As seen from the 95% confidence
intervals, sample weights between 8 mg and 22 mg are able
to produce volatile matter results within these limits.
According to the plot in Fig. 2, the optimum reproducible
sample weight for the equipment and technique used at
Auckland appears to be 15.5 mg.
For acceptable volatile matter repeatability, however,
the weight range of the sample needs to be restricted. Tests
performed on sample 52/057 (run numbers 340-342, Table
5), using a weight deviation of ±0.11 mg, did not produce
any better repeatability than samples run with weight
deviations of ±0.3√).7 mg. This suggests that a weight
deviation of ±0.5 mg is appropriate for acceptable
repeatability.
Time and temperature effects on volatile matter
determination
FolIowing the success of the initial testing of the New
Zealand coals, the first of the high rank Australian coals
was tested, using the same procedure. It soon became appa
rent that the volatile matter measurement was excessively
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high. Two possible causes for this were immediately
identified as: (1) the time taken for the volatile reading, and
(2) the temperature used in the procedure. Consequently,
runs were performed on samples 53/527 and 52/085 at
900oC and 950oC, respectively. The resulting data were
analysed for volatile matter at varying times to establish an
optimum procedure for these parameters (Table 6).
A wide range of times was used for volatile matter
determination iπ previous studies using TG (Table 2).
Interestingly, Cumming & McLaughlin (1982) selected the
standard procedure time of 7 min from the point at which
the sample attained a temperature of 900oC. The results in
Table 6 support this procedure, and consequently a new
procedure was adopted to compare all the coals in the study
with the standard values.
Standard procedure
1. The sample is heated in a nitrogen atmosphere to 1 IOoC
at a rate of 50oC∕min and is maintained at this
temperature for 5 min to ensure a constant weight is
achieved. The weight Ioss recorded by the STA is due to
moisture (Fig. 1).
2. The temperature of the STA is then raised to 900oC at
50oC∕min, and maintained at this temperature for 24
min. A separate timing device is set at 0.62 h at the
beginning of the test run, which automatically switches
the operating atmosphere from nitrogen to air (Fig. 1).
The volatile matter reading is taken as the weight Ioss
occurring from the end of the moisture Ioss to 7 min
after reaching 900°C. The fixed carbon reading is taken
as the weight Ioss occurring after the volatiles have
been driven off till combustion is complete.
3. The residue at the end of the combustion process is the
ash content of the coal, and is measured by reweighing.
4. The volatile matter and fixed carbon contents are
recalculated for buoyancy effects.

DISCUSSION OF RESULTS
The results of proximate analysis by TG using the standard
procedure developed are contained in Table 7. Limits of
reproducibility and repeatability are contained in Table 8
for reference. All samples tested in this study are within
these precision limits, except for the reproducibility of the
ash content of sample 52/085. This may be due to the higher
temperature of 900oC used for the ashing as opposed to the

Table 6 Change in volatile matter value with time and
temperature.
Sample
Weight (mg)
Temperature (0C)
ISO value
Time after attaining
temperature (mins)
O
5
7
10
15
20
25

53/527
15.51
15.53
950
900
20.7

52/085
15.45
15.41
950
900
44.9

20.8
21.2
2L3
21.5
21.8
22.0
22.2

43.6
44.3
44.5
44.8
45.2
45.6
45.9

20.5
20.8
20.9
21.0
21.3
21.7
21.9

43.3
44.3
44.4
44.5
44.8
45.3
45.6

Table 7

Proximate analysis results obtained by TG.
Proximate analysis
Volatile
matter

Sample/
Run no.

Moisture
(%) air-dried basis

52/085
453
454
457
458
Mean
σ
52/057
438
439
440
441
Mean
σ
52/109
398
442
455
456
Mean
σ
53/527
459
460
461
462
Mean
σ
53/883
422
424
426
429
Mean
σ
53/884
423
425
427
428
Mean
σ

Fixed
carbon

Ash

(%) dry basis

11.5
11.5
11.5
11.2
11.4
0.13

44.1
43.5
43.7
44.0
43.8
0.23

52.2
52.7
52.5
52.4
52.4
0.17

3.7
3.8
3.7
3.6
3.7
0.08

10.4
10.3
10.1
10.2
10.3
0.11

40.3
40.6
39.6
39.8
40.1
0.40

56.3
56.3
57.1
57.1
56.7
0.41

3.5
3.1
3.3
3.1
3.3
0.15

5.6
5.6
5.4
5.3
5.5
0.13

40.7
41.0
40.3
40.7
40.7
0.26

56.4
56.3
56.6
56.3
56.4
0.12

3.0
2.8
3.2
3.1
3.0
0.15

1.8
1.8
1.8
1.8
1.8
0.00

21.1
21.1
21.1
21.1
21.1
0.00

57.1
56.7
57.3
57.2
57.1
0.23

21.4
22.2
21.6
21.7
21.8
0.23

1.5
1.8
1.7
1.5
1.6
0.13

13.4
13.4
13.3
13.5
13.4
0.06

65.8
66.1
65.9
66.1
66.0
0.13

20.8
20.5
20.8
20.4
20.6
0.18

2.4
2.7
2.6
2.5
2.6
0.11

8.7
8.5
8.4
8.5
8.5
0.10

85.7
85.8
85.9
85.7
85.8
0.10

5.6
5.7
5.6
5.7
5.7
0.04

Table 8 Precision for moisture, ash, and volatile matter as
quoted by the ISO standard.
Property
Moisture (air-dry):
<5%
≥5%
Ash (dry)
< 10%
≥ 10%
Volatile matter (dry):
< 10%
≥ 10%

Repeatability,
% absolute

Reproducibility,
% absolute

0.10
0.15

See note
See note

0.20
2% of the mean result

0.3
3% of the mean result

0.3
3% of the mean result

0.5
0.5%, or 4% of mean,
whichever is greater

For the moisture determinations, the results obtained will depend
on the humidity conditions in the different laboratories. Since
these conditions will vary, it is not practical to quote limiting
values forreproducibility.
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standard temperature of815°C. However, this is unlikely as
values obtained for all the other samples faII within the
acceptable limits. Also, separate TG runs for ash only, at
815oC, produced the same values as those at 900oC.
The increase iπ volatile matter yield with decreasing
sample weight may be due to coal particles being Iost with
the volatiles, as the STA crucible is open (Matheson pers.
comm.). However, as already pointed out, these results are
consistent with Elphick (1960), who used a closed crucible.
Elphick’s explanation was that the effect could be related to
the rate of heat conduction through the coal at different
loadings. Another contributing factor may be the change in
surface area to volume ratio of the coal (Crosdale pers.
comm.). At this stage, further testing will be necessary to
assess the possible causes of the volatile matter to sample
weight relationship.
According to Gray (1983), the New Zealand Iow rank
coals fall within the classification of hard black coals as
defined by the Australian Standard. It is therefore not
surprising that the one test procedure for proximate analysis
by TG is equally applicable to New Zealand and Australian
black coals.

CONCLUSIONS
Thermogravimetry has the ability to analyse coal samples
where only small amounts have been recovered for testing.
It also provides the capability to produce proximate analysis
results for small coal samples used in detailed petrographic
studies, mineraIogic studies, and other microstudies of coal
(e.g., high pressure microgravimetry - Levine et al. 1993;
Beamish & Crosdale 1993 ; coal microstructure - Gamson
et al. 1993).
Proximate analysis results obtained for coals from three
New Zealand coalfields and the Bowen Basin are within
reproducible limits of the standards. The ash content of the
coal is best determined by reweighing at the completion of
the test, as the direct result from the STA is in error due to
buoyancy effects associated with the elevated temperatures
of the ashing. Ash values recorded by reweighing show
IittIe deviation and are within the standard limits for
repeatability, irrespective of sample weight. The value
obtained for the volatile matter content by TG is StrongIy
sample weight dependent, fitting a logarithmic function
consistent with earlier work of EIphick (1960). To obtain
acceptable repeatability for volatile matter content, it is
necessary to minimise these weight effects, and a sample
weight of 15.5 ± 0.5 mg is recommended for future testing.
The weight deviation value selected here is consistent with
that used by Cumming & McLaughlin (1982).

technique. Thea DePetris assisted with some of the later TG
testing. Financial support for this work was provided by the
Auckland University Research Committee. The New Zealand
samples used for testing were supplied by Trevor Matheson of the
Coal Research Association of New Zealand. The draft manuscript
was reviewed by Ian Smith. Department of Geology, The
University of Auckland, and Peter Crosdale, Coalseam Gas
Research Institute, James Cook University ofNorth Queensland.
Peter also supplied two of the Australian coals for testing.
I am grateful to the external referees for their useful and
inspiring suggestions to help me fill some of the original gaps in
the paper.

REFERENCES
Beamish, B. B.; Crosdale, P. J. 1993: Methane sorption studies
using a high pressure microbalance. Fifth New Zealand
Coal Conference proceedings vol. 1. WelIington, CoaI
Research Association of New ZeaIand (Inc). Pp. 34-38.
Charsley, E. L.; Warrington, S. B. 1988: Industriai applications of
compositional analysis by thermogravimetry. In: Eamest,
C. M. ed. Compositional analysis by thermogravimetry,
ASTM STP 997. Philadeiphia. American Society for
Testing and Materials. Pp. 19-27.
Cumming, J. W.; McLaughlin, J. 1982: The thermogravimetric
behaviour of coal. Thermochimica acta 57: 253-272.
Elder. J. P. 1983: Proximate analysis by automated thermogravimetry. Fuel 62: 580-584.
Elphick, J. 0. I960: AnaIysis of very small samples of New
Zealand coals. Fuel 39: 183-18^6.
Gamson, P. D.; Beamish, B. B.; Johnson. D. P. 1993: CoaI
microstructure and micropermeability and their effects on
natural gas recovery. Fuel 72: 87-99.
Gray. V. R. 1983: Coal analysis in New Zealand. Coal Research
Association of New Zealand (Inc.). NZERDC report 97.
75 p.
Larkin. D. E. 1988: Compositional analysis by therπιogravimetry:
The development of a standard method. /n: Eamest, C. M.
ed. Compositional analysis by thermogravimetry, ASTM
STP 997. Philadelphia, American Society for Testing and
Materials. Pp. 28-37.
Levine, J. R.; Johnson, P. W.; Beamish. B. B. 1993: High pressure
microbalance sorption studies. The 1993 Intemational
Coalbed Methane Symposium proceedings vol. 1.
Birmingham, Alabama, The University of Alabama/
Tuscaloosa. Pp. 187-196.
Ottaway, M. 1982: Use of thermogravimetry for proximate analysis
of coals and cokes. Fuel 61: 713-716.
Rosenvold, R. J.; Dubow, J. B.: Rajeshwar, K. R. 1982: ThermaI
analyses of Ohio bituminous coals. Thermochimica acta
53: 321-332.

ACKNOWLEDGMENTS

van Kreveien, D. W. 1993: Coal. 3rd ed. Amsterdam. Elsevier.

The author would Iike to thank Ritchie Sims for his diligence and
patience in setting up the STA equipment. He also provided
valuable assistance in assessing the methodology of the TG

Wame, S. St J. 1991: Proximate analysis of coal, oil shale, Iow
quality fossil fuels and related materials by thermo
gravimetry. Trcnds in analytical chemistry 10: 195—199.

203

APPENDIX 3

METHANE ADSORPTION ISOTHERMS
FOR
BOWEN BASIN
AND
HUNTLY COAL

204

APPENDIX 3
METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC1 BRIGHT
Sample Details
Coal Type:
Particle Size (mm):
Bright
Sample Weight (g):
Temperature (C):
1.00204
Proximate Analysis (adb)
Volatile Matter (%):
31.6
Ash Content (%):
Fixed Carbon (%):
57.6
Moisture (%):
Helium Density (g/cc, db):

1.324

Test Moisture (%)

Methane Adsorption Isotherm Results
GAS CONTENT
PRESSURE
(MPa)
(cc/g)
0
0
0.6
9.3
1.1
12.4
1.6
14.7
3.1
19.4
5.2
23.8
72
27.4
Langmuir Data-fit
Regression Output:
Constant
0.057033
Std Err of Y Est
0.009409
RSquared
0.988316
No. of Observations
6
Degrees of Freedom
4
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As analysed
Ash free

PA/

0.0644
0.0885
0.1085
0.1600
0.2182
0.2628

0.029808
0.00162
PRESSURE
(MPa)
1.9
1.9

GAS CONTENT
(cc/g)
33.5
35.8

METHANE ADSORPTION ISOTHERM
ERDC1 Bright - V = 33.5P/(P + 1.9)

-0.212
23.5
6.1
4.7
1.3

V
Calculated
0
8.0
12.2
15.3
20.7
24.5
26.5

APPENDIX 3

205

METHANEADSORPTION ISOTHERM DATA FOR SAMPLE ERDC1 DULL
Sample Details
Coal Type:
Dull
Particle Size (mm):
Sample Weight (g):
1.00872
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
26.3
Ash Content (%):
Fixed Carbon (%):
63.7
Moisture (%):
Helium Density (g/cc, db):

1.410

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
O
0.6
8.9
1.1
11.8
1.6
13.9
3.1
17.8
5.1
20.8
72
23.1
Langmuir Data-fit
Regression Output:
Constant
0.053427
Std Err of Y Est
0.006875
R Squared
0.995799
No. of Observations
6
Degrees of Freedom
4
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As analysed
Ash free

0.036678
0.001191
PRESSURE
(MPa)
1.5
1.5

GAS CONTENT
(cc/g)
27.3
29.2

PΛ∕

0.0672
0.0936
0.1149
0.1746
0.2449
0.3113

-0.212
23.5
6.5
3.5
1.1

V
Calculated
0
8.0
11.7
14.3
18.5
21.2
22.7
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METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC2 BRIGHT
Sample Details
Coal Type:
Particle Size (mm):
Bright
Sample Weight (g):
1.00722
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
32.3
Ash Content (%):
Fixed Carbon (%):
57.8
Moisture (%):
Helium Density (g/cc, db):

1.316

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
O
0.6
8.8
1.1
11.7
1.6
14.2
3.1
18.0
5.1
21.0
72
22.8
Langmuir Data-fit
Regression Output:
Constant
0.051961
Std Err of Y Est
0.004666
R Squared
0.998104
No. of Observations
6
Degrees of Freedom
4
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As anafysed
Ash free

0.037099
0.000809
PRESSURE
(MPa)
1.4
1.4

GAS CONTENT
(cc/g)
27.0
28.7

PA/

0.0681
0.0940
0.1124
0.1724
0.2432
0.3154

-0.212
23.5
6.1
3.8
2.3

V
Calculated
0
8.1
11.9
14.4
18.6
21.1
22.6
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METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC2 DULL
Sample Details
Coal Type:
Dull
Particle Size (mm):
Sample Weight (g):
1.00703
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
26.7
Ash Content (%):
Fixed Carbon (%):
61.7
Moisture (%):
Helium Density (gΛιc, db):

1.406

0.9

PAZ

V
Calculated
0
7.2
11.1
13.8
18.9
22.0
23.8

0.0714
0.0979
0.1185
0.1814
0.2480
0.2934

0.033352
0.002055
PRESSURE
(MPa)
1.9
1.9

As analysed
Ash free

8.3
3.3

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
O
O
0,6
8.4
1.1
11.2
1.6
13.5
3.2
17.6
5.2
21.0
73
24,9
Langmuir Data-fit
Regression Output:
Constant
0.06281
Std ErrofYEst
0.012075
R Squared
0.985044
No. of Observations
6
Degrees of Freedom
4
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

-0.212
23.5

GAS CONTENT
(cc/g)
30.0
32.8

METHANE ADSORPTION ISOTHERM
ERDG2 Dull - V = 30.0P(P + 1,9)
30 -----------------------------:--------------------------------------------------------------------------------------

O

2

4

Pressure (MPa)

6

8
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METHANEADSORPTION ISOTHERM DATA FOR SAMPLE ERDC3 BRIGHT
Sample Details
Coal Type:
Particle Size (mm):
Bright
Sample Weight (g):
1.01067
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
34.0
Ash Content (%):
Fixed Carbon (%):
57.5
Moisture (%):
Helium Density (g/cc, db):

1.291

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
0
0.6
7.5
1.1
10.6
2.1
14.9
3.1
18.0
5.1
22.4
12
25.7
Langmuir Data-fit
Regression Output:
Constant
0.072232
Std Err of Y Est
0.008007
RSquared
0.991096
No. of Observations
6
Degrees of Freedom
4
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As analysed
Ash free

0.029868
0.001415
PRESSURE
(MPa)
2.4
2.4

GAS CONTENT
(cc/g)
33.5
35.3

PΛ∕

0.0805
0.1037
0.1414
0.1726
0.2282
0.2805

-0.212
23.5
4.9
3.6
0.9

V
Calculated
0
6.7
10.5
15.6
18.8
22.7
25.1
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METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC3 DULL
Sample Details
Coal Type:
Dull
Particle Size (mm):
Sample Weight (g):
1.00799
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
26.5
Ash Content (%):
Fixed Carbon (%):
63.9
Moisture (%):
Helium Density (g/cc, db):

1.367

Test Moisture (%)

Methane Adsorption Isotherm ResuHs
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
0
0.6
9.5
1.1
12.5
1.6
14.9
2.1
16.6
3.1
19.5
5.1
23.3
7S
26,7
Langmuir Data-fit
Regression Output:
Constant
0.055768
Std Err of Y Est
0.007953
R Squared
0.990652
No. of Observations
7
Degrees of Freedom
5
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As anatysed
Ash free

0.030924
0.001343
PRESSURE
(MPa)
1.8
T8

GAS CONTENT
(cc/g)
32.3
34.7

PAZ

0.0633
0.0879
0.1075
0.1262
0.1591
0.2193
0.2734

-0.212
23.5
6.6
3.0
0.7

V
Calculated
0
8.1
12.3
15.2
17.4
20.4
23.9
25.9
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METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC4 BRIGHT
Sampie Details
Coal Type:
Particle Size (mm):
Bright
Sample Weight (g):
1.01114
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
33.1
Ash Content (%):
Fixed Carbon (%):
60.2
Moisture (%):
Helium Density (g/cc, db):

1.284

Test Moisture (%)

Methane Adsorption Isotherm Results
GAS CONTENT
PRESSURE
(MPa)
(cc/g)
0
0
0.6
9.4
1.1
12.8
1.6
15.2
2.1
17.0
3.1
20.1
5.2
24.6
713
28.4
Langmuir Data-fit
Regression Output:
Constant
0.057485
StdErrofYEst
0.008132
R Squared
0.988669
No. of Observations
7
Degrees of Freedom
5
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As anafysed
Ash free

0.028514
0.001365
PRESSURE
(MPa)
2.0
2.0

GAS CONTENT
(cc/g)
35.1
36.2

PΛ∕

0.0639
0.0860
0.1054
0.1233
0.1540
0.2115
0.2573

-0.212
23.5
3.0
3.7
1.3

V
Calculated
0
8.0
12.4
15.5
17.9
21.3
25.3
27.5
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METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC4 DULL
Sample Details
Coal Type:
Dull
Particle Size (mm):
Sample Weight (g):
1.00831
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
25.9
Ash Content (%):
65.3
Fixed Carbon (%):
Moisture (%):
Heiium Density (g/cc, db):

1.387

1.5

PΛ∕

V
Calculated
0
8.5
12.6
15.3
17.7
20.0
23.0
24.7

0.0602
0.0859
0.1063
0.1310
0.1607
0.2263
0.2887

0.033589
0.001238
PRESSURE
(MPa)
1.5
1.5

As anafysed
Ash free

5.5
3.3

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
O
0.6
10.0
1.1
12.8
1.6
15.1
2.2
16.8
3.1
19.3
5.1
22.5
73
25.3
Langmuir Data-fit
Regression Output:
Constant
0.050528
Std Err of Y Est
0.007312
R Squared
0.993253
No. of Observations
7
Degrees of Freedom
5
X Coefficient(S)
Std Err of Coef.
Langmuir Crefficients

-0.212
23.5

GAS CONTENT
(cc/g)
29.8
31.5

METHANE ADSORPTION ISOTHERM
ERDC4 Dull - V = 29.8P/(P + 1.5)
30 --------------------------------------------------------------------------------------------------------------------

0

2

4

Pressure (MPa)

6

8

APPENDIX 3

212

METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC5 BRIGHT
Sample Details
Coal Type:
Particle Size (mm):
Bright
Sample Weight (g):
1.00550
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
39.4
Ash Content (%):
Fixed Carbon (%):
64.8
Moisture (%):
Helium Density (g/cc, db):

1.281

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
0
0.6
10.1
1.1
13.5
1.6
16.0
3.1
21.1
5.2
25.7
7J
28.5
Langmuir Data-fit
Regression Output:
Constant
0.050321
Std Err of Y Est
0.006547
R Squared
0.993724
No. of Observations
6
Degrees of Freedom
4
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As analysed
Ash free

0.028723
0.001141
PRESSURE
(MPa)
1.8
1.8

GAS CONTENT
(cc/g)
34.8
35.6

PΛ∕

0.0594
0.0816
0.0999
0.1467
0.2027
0.2488

-0.212
23.5
2.2
3.6
1.3

V
Calculated
0
8.9
13.4
16.6
22.2
26.0
27.9
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METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC5 DULL
Sample Details
Coal Type:
Dull
Particle Size (mm):
Sample Weight (g):
1.00784
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
20.9
Ash Content (%):
Fixed Carbon (%):
61.1
Moisture (%):
Helium Density (g/cc, db):

1.498

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
0
0.6
8.2
10.6
1.1
1.6
12.6
3.1
15.9
5.2
18.6
20.6
72
Langmuir Data-fit
Regression Output:
Constant
0.057772
Std Err of Y Est
0.007859
R Squared
0.995779
No. of Observations
6
Degrees of Freedom
4
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As analysed
Ash free

0.04158
0.001354
PRESSURE
(MPa)
1.4
1.4

GAS CONTENT
(cc/g)
24.1
28.4

PA/

0.0733
0.1036
0.1275
0.1947
0.2794
0.3498

-0.212
23.5
15.0
3
0.6

V
Calculated
0
7.3
10.6
12.9
16.6
19.0
20.2
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METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC6 BRIGHT
Sample Details
Coal Type:
Bright
Particle Size (mm):
Sample Weight (g):
1.01338
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
23.3
Ash Content (%):
Fixed Carbon (%):
71.8
Moisture (%):
Helium Density (g/cc, db):

1.264

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
O
O
0.6
12.3
1.1
16.1
1.6
19.2
2.1
21.5
3.1
25.1
5.2
30.4
712
34.6
Langmuir Data-fit
Regression Output:
Constant
0.043485
Std Err of Y Est
0.006369
R Squared
0.989706
No. of Observations
7
Degrees of Freedom
5
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As anafysed
Ash free

0.023729
0.001082
PRESSURE
(MPa)
1.8
1.8

GAS CONTENT
(cc/g)
42.1
43.4

PA/

0.0487
0.0683
0.0835
0.0977
0.1234
0.1708
0.2080

-0.212
23.5
2.8
2.1
0.2

V
Calculated
0
10.4
15.8
19.6
22.5
26.5
31.2
33.6
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RflETHANEADSORPTION ISOTHERM DATA FOR SAMPLE ERDC6 DULL
Sample Details
Coal Type:
Dull
Particle Size (mm):
Sample Weight (g):
1.00998
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
20.5
Ash Content (%):
Fixed Carbon (%):
70.5
Moisture (%):
Helium Density (gtec, db):

1.385

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
0
0.6
11.3
1.1
14.7
1.6
17.2
2.1
19.0
3.1
22.0
5.1
25.9
7J
29.6
Langmuir Data-fit
Regression Output:
Constant
0.045569
Std Err of Y Est
0.007338
R Squared
0.990162
No. of Observations
7
Degrees of Freedom
5
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As anatysed
Ash free

0.028503
0.001271
PRESSURE
(MPa)
1.6
1.6

GAS CONTENT
(cc/g)
35.1
37.9

PAZ

0.0532
0.0746
0.0929
0.1106
0.1410
0.1966
0.2400

-0.212
23.5
7.3
1.7
0.4

V
Calculated
0
9.6
14.3
17.5
19.9
23.1
26.7
28.6
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METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC7 BRIGHT
Sample Details
Coal Type:
Bright
Particle Size (mm):
Sample Weight (g):
1.01234
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
21.7
Ash Content (%):
Fixed Carbon (%):
72.6
Moisture (%):
Helium Density (gZcc, db):

1.305

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
0
0.6
122
1.1
16.3
1.6
19.2
2.1
21.3
3.1
24.8
5.1
29.5
72
33.2
Langmuir Data-fit
Regression Output:
Constant
0.041694
Std Err of Y Est
0.005438
RSquared
0.993171
No. of Observations
7
Degrees of Freedom
5
X Coefficient(s)
Std Err of Coef.
Langmuir Coefficients

As analysed
Ash free

0.025079
0.00093
PRESSURE
(MPa)
1.7
1.7

GAS CONTENT
(cc/g)
39.9
40.8

PA/

0.0494
0.0675
0.0834
0.0984
0.1250
0.1729
0.2168

-0.212
23.5
2.1
3.6
0.3

V
Calculated
0
10.6
15.9
19.6
22.3
26.0
30.1
32.4
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METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC7 DULL
Sample Details
Coal Type:
Particle Size (mm):
Dull
Sample Weight (g):
1.01138
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
18.1
Ash Content (%):
Fixed Carbon (%):
69.0
Moisture (%):
Helium Density (g/cc, db):

1.419

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
0
0.6
10.6
1.1
14.0
1.6
16.5
2.1
18.3
3.1
21.2
5.1
25.1
712
28.3
Langmuir Data-fit
Regression Output:
Constant
0.047801
Std Err of Y Est
0.006392
R Squared
0.993248
No. of Observations
7
Degrees of Freedom
5
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As anatysed
Ash free

0.029644
0.001093
PRESSURE
(MPa)
1.6
1.6

GAS CONTENT
(cc/g)
33.7
38.0

PΛ∕

0.0568
0.0787
0.0970
0.1147
0.1461
0.2031
0.2548

-0.212
23.5
11.0
1.9
0.3

V
Calculated
0
9.1
13.7
16.8
19.1
22.2
25.6
27.6
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METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC9 BRIGHT
Sample Details
Coal Type:
Bright
Particle Size (mm):
Sample Weight (g):
1.01399
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
16.1
Ash Content (%):
Fixed Carbon (%):
78.9
Moisture (%):
Helium Density (gz,cc, db):

1.317

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
0.0
0.6
7.1
1.1
11.5
1.6
14.5
3.1
21.8
5.1
25.9
72
29.3
Langmuir Data-fit
Regression Output:
Constant
0.069121
Std Err of Y Est
0.00227
R Squared
0.99898
No. of Observations
6
Degrees of Freedom
4
X Coefficient(S)
Std Err of Coef.
Langmuir Crefficients

As anafysed
Ash free

0.024623
0.000393
PRESSURE
(MPa)
2.8
2.8

GAS CONTENT
(cc/g)
40.6
42.1

PA/

0.0845
0.0955
0.1102
0.1420
0.1969
02460

-0.212
23.5
3.5
1.5
0.0

V
Calculated
0
7.2
11.4
14.7
21.3
26.2
29.2
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METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE ERDC9 DULL
Sample Details
Coal Type:
Dull
Particle Size (mm):
Sample Weight (g):
1.01249
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
13.3
Ash Content (%):
Fixed Carbon (%):
60.0
Moisture (%):
Helium Density (g/cc, db):

1.542

Test Moisture (%)

Methane Adsorption Isotherm Results
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
0
0.6
7.5
1.1
11.3
1.6
13.5
3.1
16.9
5.1
19.2
12
20.4
Langmuir Data-fit
Regression Output:
Constant
0.052984
0.001611
Std Err of Y Est
R Squared
0.99982
No. of Observations
6
Degrees of Freedom
4
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As analysed
Ash free

0.041612
0.000279
PRESSURE
(MPa)
1.3
1.3

GAS CONTENT
(cc/g)
24.0
32.4

PAZ

0.0799
0.0971
0.1181
0.1833
0.2653
0.3524

-0.212
23.5
25.4
1.3
0.0

V
Calculated
0
7.7
11.1
13.4
17.0
19.2
20.4
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METHANE ADSORPTION ISOTHERM DATA FOR SAMPLE 52/085 - HUNTLY COAL
Sample Details
Coal Type:
n/a
Particle Size (mm):
Sample Weight (g):
0.81330
Temperature (C):
Proximate Analysis (adb)
Volatile Matter (%):
38.7
Ash Content (%):
Fixed Carbon (%):
46.4
Moisture (%):
Helium Density (g/cc, db):

1.479

Test Moisture (%)

Methane Adsorption Isotherm ResuKs
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
0
0.65
9.76
1.11
12.81
2.13
16.84
3.11
19.44
5.14
22.61
7.19
25.50
9.68
27.18
Langmuir Data-fit
Regression Output:
Constant
0.054995
Std Err of Y Est
0.007357
R Squared
0.99603
No. of Observations
7
Degrees of Freedom
5
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As anafysed
Ash free

PAZ

0.0667
0.0868
0.1266
0.1600
0.2274
0.2820
0.3562

0.031728
0.000896
PRESSURE
(MPa)
1.73
1.73

GAS CONTENT
(cc/g)
31.52
32.74

METHANE ADSORPTION ISOTHERM
52⅞86Dηrcoa1-V = 31.52P/p +1.73)

-0.212
23.5
3.3
11.6
0.0

V
Calculated
0
8.61
12.31
17.38
20.24
23.57
25.40
26.73
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METHANE ADSORPTlON ISOTHERM DATA FOR SAMPLE 52/085 - HUNTLY COAL
Sample Details
Coal Type:
n/a
Particle Size (mm):
Sample Weight (g):
0.97456
Temperature (C):
Proximate Anafysis (adb)
Volatile Matter (%):
38.7
Ash Content (%):
Fixed Carbon (%):
46.4
Moisture (%):
Helium Density (g/cc, db):

1.479

Test Moisture (%)

Methane Adsorption Isotherm Resuhs
PRESSURE
GAS CONTENT
(MPa)
(cc/g)
0
O
0.65
1.44
1.12
2.53
2.17
4.07
3.11
5.08
4.19
5.96
5.17
6.48
7.32
7.40
8.45
7.94
Langmuir Data-fit
Regression Output:
Constant
0.34649
StdErrofYEst
0.007887
R Squared
0.999025
No. of Observations
7
Degrees of Freedom
5
X Coefficient(S)
Std Err of Coef.
Langmuir Coefficients

As anafysed
Ash free

PΛ∕

V
Calculated
0
1.62
2.53
4.07
5.06
5.92
6.53
7.49
7.86

0.4523
0.4432
0.5335
0.6125
0.7030
0.7980
0.9894
1.0644

GAS CONTENT
(cc/g)
11.60
12.00

METHANEADSORPTION ISOTHERM∣
|

-

Methane content (cc/g)

J
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O
C
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O
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52/085 Air dry moist coal - V = 11.60P/(P + 4.02)
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Pressure (MPa)
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3.3
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0.086199
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PRESSURE
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-0.212
23.5
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Continuous gas monitoring for the assessment
of outburst-proneness at a mining face
B.B. BEAMISH
Department of Geology, University of Auckland, Private Bag, Auckland, New Zealand
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Summary
Continuous gas monitoring has been performed in three development panels at No. 2 Mine,
Collinsville, Queensland, Australia to assess seam gassiness at the mining face as an indication of
outburst-proneness. The first panel monitored encountered two outbursts during mining of virgin
conditions, and a third outburst occurred on the fringe of a gas-drained block, adjacent to a thrust fault.
The second panel successfully mined through the thrust fault without outbursting and finally halted
due to high gas emissions. The third panel mined through a gas-drained block ofcoal. where an overall
substantial reduction in gas emission was observed.
The results from all three panels have been analysed and compared to establish parameters for
outburst-proneness assessment, based on a face cut-out cycle (FCC) CO2 emission. For FCC CO2
emissions Iess than 2.6 m31 1, no outbursting occurs, and normal mining proceeds. Up to 3.8 m3 t-1,
low-medium outburst-prone conditions exist and mining takes place under controlled procedures’
When values exceed 3.8 m31 1, high outburst-prone conditions exist and mining is halted.
Keywords: Coal mining; outburst; gas monitoring; gas emission; face cut-out cycle.

Introduction
Since a fatal outburst at the Collinsville State Mine in 1954 (Fig. 1), several methods have
been applied to control outbursts. Some of these, including full face multiple shotfiring and
strict mining procedures are outlined by Hardie and Hargraves (1960) and Beamish (1984b).
From 1979 to 1985, Collinsville Coal Company Pty. Ltd. (CCP) conducted an extensive
research programme into the gas outburst problem. The main objectives of the research were
to find reliable methods of:
(a) regional assessment of outburst-proneness;
(b) assessment of outburst-proneness at the mining face;
(c) alleviation of the problem; and
(d) determination of operational requirements for mining in outburst-prone areas.
A large proportion of the cost of the research was funded by a National Energy Research
Development and Demonstration Council (NERDDC) grant. The end-of-grant report
(Beamish et al., 1985) contains a comprehensive account of results and interpretations by the
0269√)136∕90 S03.00 + .12
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Fig. 1. Locality map and workings outline (modified from Beamish et al.9 1985)
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four main project officers, namely B.B. Beamish, F. Hungerford, R.J. Williams and B.M.
McKavanagh.
The earliest attempts at gassiness assessment as a predictive measure derived from
gassiness Ofventilation as a result ofemission of gas in the working place (Hargraves, 1983).
It has Iong been recognized (Hargraves, 1958; Szirtes, 1963), that a forerunner to’a local
outburst situation may be either an increase or a decrease of gassiness. Morris (1977) reports
both increase and decrease. This article concentrates on the assessment of outburstproneness at the mining face with the aid of continuous gas monitoring.

Geological setting
The Collinsville Coal Measures (Fig. 2) have been described by Reid (1929), Webb and
Crapp (1960), and Mengel (1975). No. 2 Mine works the second lower-most seam of the coal
measures, the Bowen Seam. The general mining thickness is 5-6 m, although this is reduced
in areas where the seam has been split by a stone band(s). The seam dips approximately 6° to
the south and has a very competent massive sandstone roof.
Development has been from outcrop to a maximum depth of290 m. The mine is bounded
on the western side by a major thrust fault, the Three Mile Creek Fault, with a maximum
throw of40 m. Workings on the eastern side of the mine have progressed through a smaller
thrust fault, the Reid Creek Fault (6.5 m throw). Down dip development has halted due to a
major gas outburst problem, promoted by the presence of carbon dioxide within the seam
(Beamish et al., 1985). Desorbable gas contents as high as 20 m31-1 have been measured in
the vicinity of the deepest part ofthe mine (Williams, 1982).

Outburst history of No. 2 mine
The occurrence and nature of outbursts at No. 2 Mine have previously been described by
Biggam et al. (1980) and Williams and Rogis (1980). Generally, all have occurred at depths
greater than 220 m and could be best described as small. The Iargest recorded, ejected 35
tonnes ofcoal. In areas where the seam has been split by a stone band(s), floor heave and
outgassing has occurred behind themining face (Biggam et al., 1980). The dominant seam
gas in all cases has been carbon dioxide (CO2). Minor amounts of methane (CH4) have been
recorded toward the western extremities ofthe mine (Williams and Giedl, 1983). A significant
feature of all the outbursts has been the pr,esence of geological structures, in particular, a
thrust fault with a throw in excess of 3 m. In older, abandoned workings, the presence of
strike-slip faults was also noted as anassociation with outbursting. Williams (1982) was able
to show that outbursts occurred whenever the desorbable gas content exceeded 5 m3 t~1.

Equipment
Development mining at No. 2 Mine is by the bord and pillar method. Equipment design was
therefore based on monitoring of the return airway, as near as practicable to the working face
(Fig. 3). To achieve early warning signals it was envisaged that the equipment be located
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Beatnish
Collinsville coal measures Stratigraphic column

sandstone with conglomerate at base
Murray seam 0-0∙5m

Sandstoneand siltstone 27-46m

Little Garrick seam O-1m
Garrickseam 0∙6-3∙4m
siltstone and sandstone 0-12m
Peace seam O-1m
sandstone βm

sandstone and Siltstonewith thin
fossil beds 18-40m

C o llin s v ille coal

m easures

sandstone 3m
Scott seam 1-2∙5m
sandstone and siltstone 0-18m
Denison seam 1-3m
sandstone and siltstone 0-20m
Potts seam O-2m

siltstone and sandstone 0-36m
LittIe Bowen seam 0-0∙8m
Bowen seam 7-8m

sandstone and siltstone 11-55m

Blake seam 0-16 m

CongIomerate1Sandstone and shale 18-42m

andesite, agglomerate,etc.

Fig. 2. Stratigraphic column for CollinsvilIe lease area
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underground and data be transmitted to the surface by telephone pairs. This would reduce
time delays with mining. Mines Department regulations had to be strictly adhered to, which
involved the use ofsafety barriers on the signal lines. All equipment approval details are given
by Beamish et al. (1985).

Fig. 3. Face monitoring equipment location underground (from Beamish and Williams,
1982)

The gas monitoring system basically consisted of a Unor 1 infra-red carbon dioxide
analyser and a Ventor 3U air velocity meter. A methane analyser was added to the system for
Iater studies, but will not be discussed in this paper. All instruments were calibrated at regular
intervals to assess their stability. Monthly checks were found to be sufficient. Initially,
recording was by chart recorder only, with on-line recording by a surface computer added
Iater (Fig. 4).
The determination of CO2 quantity depends upon an accurate assessment of the air
quantity moving past the sensor heads. As the air velocity meter records the air velocity at a
point, an air quantity factor was necessary which incorporates the air velocity profile of the
roadway. To assist the determination of this factor, a ‘brattice window’ was erected (Fig. 3) at
each sampling location to smooth the air velocity profile. Once the air quantity factor was
known, accurate air quantities could be determined and hence CO2 quantity per unit time.

Face cut-out cycle (FCC) theory
The majority of gas emission research has been applied to Iongwall mining with methane as
the dominant gas. Essentially gas make appears to be closely linked with coal face
production and face advance rate (Klebanov, 1971; Noack, 1976; Myszor, 1974; Cybulski
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Fig. 4. Schematic of recording instrumentation (from Williams et al., 1983)

and Myszor, 1974 and Airey, 1971). These basic principles of seam gas emission also apply to
bord and pillar mining.
In bord and pillar mining there is a face cut-out cycle (FCC) which usually consists of
cutting the face of a roadway from Ieft to right or vice versa (depending on the return airway
location), until an advance of 1-4 m (3-12 shuttle-car loads) is complete. The advance
distance will vary according to mining conditions. In between cut-outs, installation of roof
support is performed to secure the mined area, thus completing the cycle.
A typical record of gas liberated during a face cut-out cycle is contained in Fig. 5. The
quantity of gas liberated by the face cut-out cycle (gFCC) is indicated by the hatched area
below the trace. Since the number of car loads of coal cut are known, the ratio Qvcc tonnes -1
mined (m3 t-1) can be calculated. This ratio is referred to as the face cut-out cycle emission
(FCC emission), (Beamish, 1984a and Beamish et al., 1985).

ResuIts
Data analysis
FCC CO2 emissions from51 Level West, 48 Level West and 1 South mining panels have been
transferred to floppy disc and analysed using a Personal Computer with a normal worksheet
package fVP Planner). There is a noticeable variation in the data. This is most likely a
function of the coal nature itself, which is known to vary considerably over small distances
(Williams and Rogis, 1980), and the mining environment (e.g. advance rate).
Original work by Beamish (1981), Beamish and Williams (1982), Beamish (1984a) and
Beamish et al. (1985) concentrated on shift averaging of data values as well as raw data
profiles. Shift averages were presented as bar graphs, which were able to show broad trends.
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Fig. 5. Gas record illustration of face cut-out cycle (modified from Beamish, 1984a)

However, a disjointed impression was obtained. The raw data profiles are presented in this
paper with superimposed limiting values and annotations.
It is important to note that due to power losses and equipment malfunctions some parts of
roadways were not recorded. However, sufficient data is available in all cases to allow
complete roadway profiles to be constructed by extrapolating in these areas.
Responses to outbursting (51 Level West)
The initial monitoring work was performed in 51 Level West (Fig. 6), as development
approached a previously known outburst-prone thrust fault (later named the Western
Panels Fault by Beamish, 1981). Within 6 days of the commencement ofmonitoring, two
minor outbursts were recorded in the transport roadway (Fig. 6). The FCC CO2 emissions
for this roadway are plotted in Fig. 7 with values in excess of 4.0 m3 t^1 adjacent to the
outbursts.
Details of the individual outbursts are given by Beamish (1981). The major observations
are summarized in Table 1. In each case there was a significant reduction in the FCC CO2
emission prior to the outburst.
Upon completion of squaring up the face at IlAL (Fig. 6), mining was halted to allow
implementation of a small-scale gas drainage project, before continuing to the Western
Panels Fault. Hungerford (1981) reported on the results of this project, and concluded that
the drainage greatly reduced the FCC CO2 emissions. As only short drainage holes (< 50 m
in this case) were drilled and gas flow rates were low, the area of influence of the boreholes
was limited.
Mining recommenced in the retum roadway and was halted due to increasing gas levels
(Fig. 8). A bord move was made to the belt roadway, where a rapid increase in the FCC CO2
emissions (Fig. 9) was followed by an outburst 29 m inbye ofllA cut-through (see Table 1
for details). (The actual FCC CO2 emissions were only half those of the previous values prior
to drainage.). In retrospect the rapid increase in gas emission was a sure sign that the
drainage influence was reduced and that given the proximity to the fault, outburst-proneness
was increased. In fact, projection of the outburst cavity beyond the face placed the innermost
edge at the Western Panels Fault plane.

2m3∕t

Desorbable gas content

O
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100m
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Table 1. Outburst summary - 51 Level West panel
Outburst
No. 20

Outburst
No. 21

Outburst
No. 22

2 tonnes

35 tonnes

Gas released (CO2)
Presence of sheared coal
Presence of structure

Nil
face heave
N.D.a
Yes
Nil

Audible noise
FCC indication
Gas drainage

Yes
Yes
No

N.D.a
Yes
Stone
floater
Yes
Yes
No

380m3
Yes
Thrust
fault
No
Yes
Yes

Coal ejected

a Not distinguishable from coal cutting at the time of incident. Therefore incorporated in
FCC calculation. This view is supported by reviewing the gas charts used by Beamish (1981).

Responses to faulting and increased gas content (48 Level West)
The promising indications obtained from gas monitoring in 51 Level West prompted a
NERDDC submission to continue research in 48 Level West (Fig. 6). This panel was still
approaching the Western Panels Fault and a possibility of outbursting existed. The data was
recorded in two phases. From August 1981 to May 1982 a chart recorder only was used to
store data. After May 1982, all data was simultaneously stored by an on-line computer and
chart recorder (Beamish, 1984a).
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Fig. 9. Gas emission profile for 51 Level West, belt roadway
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The gas emission profiles of the three development roadways are contained in Figs 10,11
and 12. The response leading up to the fault is readily apparent. There is a rapid increase in
gas emission at least 80 m outbye of the fault. Studies performed by CSIRO (Rixon, 1982),
were able to show that this corresponded to the marked presence of a sheared coal layer. A
zone of extreme shearing just prior to the fault corresponds to the maximum FCC CO2
emissions. After the fault there is a drop in the FCC CO2 emission, followed by a gradual rise
to levels similar to that at the fault, which eventually halted mining.

Fig. 10. Gas emission profile for 48 Level West, return roadway

There are several noticeable troughs in the gas emission profiles, which are a direct result of
natural drainage from face stoppages and in some instances slow advance rate. The elapsed
time of face stoppages is variable and may range from a few hours to several weeks.
Responses to a gas drainage panel (} South)
At the termination of development mining in 48 Level West, a programme to drain the gas
from a panel in advance of the headings was drawn-up and implemented (Beamish et al.,
1985). A fan pattern of boreholes was adopted as Iogistically this best suited the available
sites for the equipment to be used. Gas flows from all boreholes were monitored and
predictions of the gas drainage influence calculated. To assess the effectiveness of the
drainage, continuous gas monitoring of mining was performed.
Thegas emissionprofiles Ofthedevelopment heading (Figs 13,14and 15)show thesuccess
of the gas drainage. In the belt roadway (Fig. 13), the FCC CO2 emissions do not exceed
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Fig. 11. Gas emission profile for 48 Level West, belt roadway

Distance from 8AR (m)

Fig. 12. Gas emission profile for 48 Level West, transport roadway
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1.6 m3 t^1 which is substantially lower than the end of 48 Level West and the initial virgin
desorbable gas content. In areas where the drainage influence was Iess efficient (e.g. the
retum road) (Fig. 14), a maximum FCC CO2 emission of4.8 m3 t-1 was reached and mining
was halted.

Fig. 13. Gas emission profile for 1 South, belt roadway

A strike-slip fault across the panel (Fig. 6) was first encountered during development ofthe
transport roadway. The presence of the structure is indicated by a rise in the FCC CO2
emission outbye of the fault (Fig. 15). Once again the FCC CO2 emission peaks at the
structure. An unclear indication is given by the other two roadways as the cut-throughs
(51 L) were driven first and the face aflowed to stand for several days before mining through
the fault. Had the area not been gas-drained, Outbursting levels similar to 51 Level West
would have prevailed creating a hazardous situation.
Face stoppages and drainage borehole effects are also indicated by troughs in the gas
emission profiles.
Discussion
Empirical outburst-prone limits are indicated by the data from these three panels. A more
quantitative approach can be taken by comparing the FCC CO2 emissions with the
corresponding Hargraves emission value meter readings (Hargraves, 1962). Beamish et al.
(1985) were able to show that the following linear relationship existed:
FCC CO2 emission = 3.14*emission value +0.06
CNo. of data points = 32, correlation coefficient = 0.84).

(1)
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This is quite a good correlation considering a bulk sample is being compared with a point
sample.
Hargraves (1983) and Battino et al. (1984) quote an emission value of 1.2 cc g~1 as an
upper threshold limit for outburst-proneness. Above this limit, alleviation methods are
necessary before mining continues. From Equation 1, an emission value of 1.2 ccg-1 is
equivalent to an FCC CO2 emission of 3.8m3t^1. This threshold value has been
superimposed on the gas profiles of all monitored roadways. It can be seen that the data
exceeds this threshold in 51 Level West, 48 Level West inhye of the fault and 1 South inbye of
51L cut-through. In all cases mining was halted.
No outbursts were recorded below an FCC CO2 emission of2.6 m3 t~1, which according
to Equation 1 corresponds to an emission value of 0.8 cc g-1. Therefore the lower limit for
Outbursting conditions is an FCC CO2 emission of 2.6 m3 t~1. Between these two limits,
low-medium outburst-prone conditions exist and mining with control procedures is
necessary. The fact that an outburst occurred in this range when approaching the limit of a
drained area reinforces the need to monitor gas drainage performance during mining.
Conclusions
Continuous gas monitoring of the mining face has provided indications of the presence or
approach of:
(a) three minor outbursts;
(b) a thrust fault (3.5 m throw);
(c) a strike-slip fault (0.4 m gouge, and 0.3 m throw); and
(d) gas drained areas - both natural and planned.
Following this re-assessment, sufficient data is now available from the three recorded
panels to construct outburst-proneness limits. These are listed in Table 2.
Table 2. Outburst status based on gas emission levels
FCC CO2
emission

Outburst
category

Mining
recommendation

<2.6m3t^1
2.6-3.8 m3t^1

Non-outburst-prone
Low-medium outburstproneness
High outburSt-proneness

Normal mining procedures
Mining with control
procedures
Cease mining implement
alleviation procedures

>3.8 m3 t~1

The conditional values obtained are somewhat site specific to No. 2 Mine, but it could be
envisaged that similar guidelines would prevail in other outburst-prone mines.
In restrospect, the inbye end of 1 South panel was mined in a high outburst-prone situation
(the FCC CO2 emission reaching 4.8 m31-1 in the return roadway (Fig. 14)). Mining was
halted in response to these readings and further tests performed on the face coal, which also
indicated outburst-prone conditions (Hargrave emission values in excess of 1.2 cc g-1L
Warnings were also apparent approaching the strike-slip fault in the transport roadway
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(Fig. 15). Discussions with the Mine Deputy in charge of the section (Morrissey, 1984),
revealed that the coal being mined in the vicinity of the fault was very friable. It appeared to
dislodge from the face with little assistance from the shearing drum of the continuous miner.
The technique of monitoring FCC emissions is currently being continued by Australian
Coal Industry Research Laboratories, Gas Research and Ventilation Group. With the
additional information from these studies, outburst-proneness assessment under various
conditions should be possible.
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Introduction

Over 200 outbursts occurred at Leichhardt Colliery near Blackwater in the Bowen
Basin (Figure 1) priorto its eventual closure in 1980 due tothis problem. A summary
ofthe characteristics ofthese events is provided by Moore and Hanes (1980). Various
mining methods were applied to alleviate the outburst problem with limited success.

Geological Setting

Leichhardt Colliery mined the Gemini Seam of the Upper Permian Baralaba Coal
Measures, at depths of 380-400 metres. The seam was up to 6 m thick, containing
several partings, which were often used to define the roof levels ofthe roadways. The
normal immediate roof of the seam was mainly siltstone. Generally, the seam was
considered as a high quality coking coal with a Iow ash content (Table 1). The seam
gas composition for this mine was approximately 95% methane and 5% carbon
dioxide.

Table 1 Typical Gemini Seam analyses, Leichhardt Colliery (from Gray, 1983)
Proximate analysis (%, dry basis)
Ash

8.0

Volatile matter

21.0

Fixed carbon

70.0

Ultimate analysis (%, dry ash-free basis)
Carbon

88.0

Hydrogen

5.0

Nitrogen

1.9

Sulphur

0.45

Oxygen

4.0

Carbonates

0.3

Petrographic analysis (% by volume)
Vitrinite

45.0

Inertinite

47.0

Ro max

1.24 %

APPENDIX 5

Figure 1 Regional geology ofthe Blackwater Area, Bowen Basin
(from Moore and Hanes, 1980)
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Outburst History

According to Moore and Hanes (1980), the first outbursts recognised at Leichhardt
occurred when the workings were 175 m from the No.2 Shaft (Figure 2). These were
mostly conical in shape with boundaries defined by induced fractures, separating the
relatively solid coal from the coal within the outburst cone. Coal in, and immediately
around an outburst cone was intensely cleaved parallel to the face cleat. The axes
of most outbursts were perpendicular to the face cleat direction, occurring from the
ribs or face, generally on the side which first encounters the cleat. Many outbursts
occurred from the coal roof when the 3 m, 4 m or 5 m partings were used as mine
roof.

Of the more than 200 outbursts at Leichhardt, three involved 300 tonnes or more of
material.

Two of these occurred in the east and one in the north of the Colliery

(Figure 2). The outburst in the north occurred when mining with a continuous miner
and was the largest experienced at Leichhardt Colliery. Moore and Hanes (1980) go
into specific details of the two largest outbursts. Gray (1980) also studied material
from the vicinity of these outbursts and his results are discussed in Chapter 7.
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Introduction

Mining development at Huntly West Mine (Figure 1) was by bord and pillar methods.
During 1989 and 1990 gas research investigations were carried out at the mine to Iook
at seam gas content, seam gas composition, seam gas pressure and seam gas
emissions. The main area of the mine studied and sampled is shown in Figure 2.

Geological Setting (Edbrooke etal., 1994)

The Waikato Coal Measures in the Huntly Coalfield are of Upper Eocene age. Huntly
West Mine workings are within the KupaKupa Seam, which is subbituminous B or high
subbituminous C in rank.

It is located just above the base of the coal measures,

which rest Unconformably on strongly indurated, Upper Triassic sandstone and
Siltstone ("Mesozoic basement").

Seam structure and thickness are considered to

mirrorthe "basement" reliefwhich existed priorto coal measure deposition. This relief
is the drainage pattern of a northward flowing stream system. The seam thickness is
at a maximum in valleys (13 m) and a minimum on ridges (3 m), presumably because
peat accumulation began in the valleys and gradually covered the ridges as it
thickened. Seam gradient on the ridge flanks can reach 22° locally. Post-depositional
developments further complicate the structural picture. These are:

1.

2.

regional tilting of the sequence to the northwest at 6θ to 7°; and

normal faulting at two distinct orientations,

north-northwest and

northeast.

Gas Emission History

Huntly West Mine has a recorded history of gas emission phenomena. The dominant
seam gas composition is recorded as methane. Results of surface drilling in 1967 and
1981 are contained in Table 1. A high nitrogen component of the gas analysis has
been attributed as an artefact of coal oxidation with air present in the container after
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Figure 1 Huntly West Mine Iocality map and workings outline
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Also, this may account for some of the CO2 component.

On an air-free

basis, these results suggest a seam gas composition in excess of 90% CH4 and most
likely around 95% CH4.

Table 1 Gas composition data from surface borecores - Huntly West
as received (%)

air-free
(%)

Borehole

CH4

CO2

Q2

N2

H2

6085

28.0

0.7

8.8

59.8

2.7

89.2

37.5

0.9

6.8

54.0

0.8

95.7

6087

40.7

2.4

6.4

50.2

0.3

93.8

6090

15.3

2.0

9.8

72.3

0.6

88.4

6098

4.2

0.2

16.9

78.7

tr

95.5

8392

43.3

2.5

2.5

51.7

94.5

47.4

2.3

1.9

48.4

95.4

CO

CH4

Source: DSIR, Chemistry Division Records
Maihak tube bundle results from sealed areas of the mine indicate a mixed seam gas
composition of 88% CH4 and 12% CO2.

A major part of the CO2 from this

measurement may be due to coal oxidation and not as seam gas.

This view is

supported by results obtained by F. Hunter (pers. comm., 1989), with a O-1OO%
methanometer which gave readings in excess of 95% CH4 when direct sampling from
a draining borehole.

Seam Gas Content and Pressure

Seam gas content from face and core samples

Face and core samples have been taken at the locations shown in Figure 2. The face
samples are labelled according to the support number corresponding to the face
location at the time of sampling. Two samples (90/2 and 105/2) are rib samples taken
34 and 15 days after their respective face samples. Gas contents were determined
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for all samples (Table 2) as follows:

1.

the desorbed gas was measured by volumetric displacement under
controlled laboratory conditions; and

2.

the residual gas content was determined using a tema grinding mill to
crush the coal and release the remaining gas.

Table 2 Gas contents of Huntly West Mine samples
Sample ID

Desorbed gas

Residual gas

Measured gas

(m3∕t)

(m3∕t)

(m3∕t)

K4/23

0.78

0.40

1.18

K4/30

0.90

0.35

1.25

Set 90/1

1.03

0.33

1.36

Set 90/2@

0.54

0.35

0.89

Set 95/1

0.69

0.40

1.09

Set 96/1

0.52

0.40

0.90

Set 101/1

0.98

0.34

1.32

Set 105/1

0.76

0.31

1.07

Set 105/2#

0.50

0.39

0.89

Set 123/1

0.78

0.33

1.11

Set 123/2

1.17

0.37

1.54

Mean

0.36

1.20

SD

0.03

0.17

Borecore

Face

@ collected 34 days after set 90/1 (excluded from mean and SD)
# collected 15 days after set 105/1 (excluded from mean and SD)
Applying the method of Creedy (1986) to these results gives
Q = 1.20 + 1.87 x 0.17 = 1.52 m3∕t
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A typical desorption curve for a face sample is shown in Figure 3. After 90 days the
desorption rate was very low. Readings at this stage of desorption had to be taken
at intervals of a fortnight to a month to allow enough gas pressure to build up in the
gas bomb to register a measurable result. After 90 days the samples were to be
crushed for residual content, but due to other commitments this was not completed
until 4-5 months later. In retrospect this contributed to a lower mean result for the
data set.

The average gas content of the samples (Table 2) is 1.20 m3∕t with a

standard deviation of 0.17. Applying the method of Creedy (1986) to this data gives
an in-situ gas content of 1.52 m3∕t.

Ashton (1990) found that face samples crushed after 90 days of desorption had an
average residual gas content of 0.76 m3∕t. The average residual gas content of this
data (crushed after 7-8 months of desorption) is 0.36 m3∕t. This suggests that an
average of 0.40 m3∕t of gas has been Iost between the end of desorption testing and
residual gas content testing of the samples.

Therefore, the adjusted in-situ gas

content of the face samples is 1.52 + 0.40 = 1.92 m3∕t.

Ashton (1990) also found that Huntly East Mine samples from the same seam in a
roadway adjacent to an area developed 3 years previously had an average residual
gas content of 0.30 m3∕t. The residual gas content inferred from the Huntly moist coal
isotherm presented in Appendix 3 is 0.29 m3∕t, which is in close agreement with the
mine sample results. No consistent pattern could be made between gas content and
face location. Samples 90/2 and 105/2 taken post-mining reveal a noticeable drop in
gas content with time.

Seam gas pressure from in-seam boreholes

The highest recorded seam gas pressure at Huntly West Mine was from a shut-in test
of Ionghole 1 (Figure 2), which yielded a value of 495 kPa absolute (Figure 4). From
the Huntly moist coal isotherm presented in Appendix 3, this corresponds to a gas
content of 121 m3∕t.

Desorbed gas content (m3∕t)
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Time (days)

Figure 3 Face sample desorption curve, Set 90/1, Huntly West Mine
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Time (mins)
Figure 4 Pressure rise curve for Ionghole 1 (Figure 1)
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Additional successful pressure rise rate tests were conducted in a short borehole
(Figure 2) used for supplying cored samples to British Coal. Two depth intervals were
monitored, namely 23 m and 31.5 m. The corresponding pressure rise rate curves
(Figure 5) indicated a progressive increase in gas content away from the borehole
collar. This is consistent with the gas contents measured for core samples from the
respective depths fΓable 2).

Final gas content determinations by British Coal (Kershaw, 1990), identified a value
as high as 2.2 m3∕t. According to the Huntly moist coal isotherm in Appendix 3, this
corresponds to a seam gas pressure of 950 kPa. Such a higher indicated pressure
is consistent with overseas experience where seam gas pressure is often Iess than
hydrostatic pressure (Kim, 1977; Lama, 1986).

Field observations have been made at Huntly West Mine which are consistent with a
substantially higher seam gas pressure in virgin areas. During the drilling of Ionghole
6 (Figure 2), a high gas emission was reported from the borehole on re-entering the
seam from the floor at a depth of 200 m from the mine workings (Fowke etal., 1989).
Power had to be disengaged until the gas cleared and the borehole had continual gas
surges from that point onward till the completion of the borehole, with high gas flows
resulting. A.B. Field (pers. comm., 1993) reported similar instances in a more recent
in-seam drilling program, where it became extremely difficult to pump the survey tool
down the drill string even with water pressures in excess of 2000 kPa. Discussions
with N. Fowke (pers. comm., 1990) also revealed that during mining of the North
headings drilling of holes to locate the seam roof was not regularly performed due to
the possibility of "gas blowers" resulting.

Seam Gas Emissions

Gas emissions from the ventilation shaft were continuously recorded by a Maihak tube
bundle system at Huntly West Mine.

These results have been converted to gas

quantities which equate to coal production and general gas drainage from exposed
roadways. The data are presented in Figure 6, which highlights the following:

Absolute pressure (kPa)
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Figure 5 Pressure rise curves for short cored borehole (Figure 1)
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Methane emission (m3∕t)
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Coal production (t/d)

Figure 6 Methane emissions from Huntly West Mine ventilation shaft
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the data points Iie below a bounding Iine defined by the equation:

y = 7334.6959x'0'9167

where,

(1)

y

methane emission (m3∕t)

x

coal production (Vd)

The equation can be used to predict the maximum methane emissions for a
given production rate. For example, production rates of 1000 Vd and 2000 Vd
would release into the ventilation system, 13,058 m3and 13,834 m3 of methane
respectively.

2.

The cluster of points below the Iine may be due to:

a)

a lower gas content coal being mined;

b)

change in the bleed-off rate of the coal, perhaps mining direction
related; or

c)

CH4 analyser drift with time (usually <= 1% FSD per week).

Analyser drift of the order of 1% FSD per week was noted from
adjustments between calibrations. This may account for a substantial
portion of the deviation observed, however, possibilities (a) and (b) are
extremely likely due to the changes in mining location during the
monitoring period.
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