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Abstract

The self-heating of coals is a complex problem which has been occurring for
centuries. This problem has been fatal to coal miners, an economical challenge to
coal mines and a health risk in a release of greenhouse gases to the public in
general. Therefore, everyone is affected by the self-heating of coal, which leads to
spontaneous combustion when the ignition temperature is reached.

There are many test methods that have been used to test spontaneous combustion
in coal, but all have one common factor or disadvantage of requiring long periods
of time before a conclusion can be deduced. This then creates a need for a rapid
and reliable method to test the liability of coal to self-heat in the coal industry and
thus the motivation for this project.

The thermogravimetry analysis (TGA) method was selected to test the liability of
coal to self-heat due to its short analytical duration. The Smith-Glasser oxidation
test was selected to validate the TGA results obtained. The main aim of this
project is to investigate the reliability of the TGA method to predict the propensity
of coal to self-heat.

29 samples from different regions of South Africa were used, prepared to 250 um
for all the analyses and self-heating tests. All samples were analysed for
proximate, calorific value, sulphur and petrographic properties before the
spontaneous combustion liability tests began.

The TGA method followed two tests: 1) the O, adsorption and 2) the ignition test.
Five different heating rates (3, 5, 7, 10, and 20) °C/min were run in order to obtain
five derivative slopes which would be used to obtain the TGy, index. The oxygen
adsorption test studies the mass increase at low temperature under exposure of air
between the temperature ranges of 100 — 300°C.

The Smith-Glasser oxidation test method studies the reaction of coal with O, and
calculates the O, absorbed per amount of coal tested. The Smith-Glasser test
results collaborated with most of the other analytical results, and with the TGA
results to a certain extent.

The TGA spontaneous combustion liability test requires additional analytical
work to back up its results because the results do not appear as accurate as the
Smith-Glasser oxidation test. It also requires repeatability tests to ensure the
integrity of the results.
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CHAPTER 1

1.

1.1

INTRODUCTION

PROBLEM STATEMENT

Spontaneous combustion is a hazard that has been linked to the coal industry for years, if not
centuries. Coal oxidation is a slow process that leads to the smouldering of coal, which with
time, may result in self-heating and may eventually lead to spontaneous combustion when
the temperature has reached its ignition point. This exothermic reaction occurs in the
following manner according to Grapes (2010):

CH+0O,—=CO+Heat.c.oo i Equation 1 (Grapes, 2010)

Spontaneous combustion can occur during the mining, transportation and storage of coal and
through un-rehabilitated coal mines. Challenges presented by spontaneous combustion are:
substantial loss of resources; causes of atmospheric air pollution; and possible loss of human
life.

The oxidation reaction in coal, which results in self-heating, can be prevented from
occurring through better management and handling of the coal. This can be achieved by
knowing the quality of the coal as determined by proximate and petrographic analysis, for
example. In addition, spontaneous combustion liability tests can be performed to determine
a risk profile associated with the coal.

The Smith-Glasser Test is a well-established test (Sipild et al. (2012) that is a commonly
used method for approximating spontaneous combustion liability in coal. The duration of
this test can, however, be very lengthy, ranging from 4 hours to a week(s). The problematic
self-heating coals normally do not take long to react in the Smith-Glasser test, but other coal
samples ranging between the high and low rank coals can take days to react. There is always
a need for rapid test results which will not be time and cost consuming, and
thermogravimetric analysis (TGA) is potentially the answer to this need.

Spontaneous combustion tests have previously been conducted on the TGA, using oxygen
adsorption and ignition tests to approximate spontaneous combustion. Although these tests
have been deemed successful by Luo and Wang (2011) and Avila (2012), none of the results
have been studied on South African coal, or compared to the Smith-Glasser test.



1.2

1.3

1.4

AIM

This project aims to assess the accuracy of the TGA method as a tool to test the liability of
coal to self-heat. This project is based on the method presented by Avila (2012) through an
article titled, “Predicting self-oxidation of coals and coal/biomass blends using thermal and
optical methods”.

RESEARCH OBJECTIVES

The main objectives of this project is to validate the TGA test methods in determining the
liability of coal to self-heat, by comparing a large number of samples analysed to the well-
used Smith-Glasser oxidation method. This will be achieved by:

¢ [nvestigating the reliability of the previously tested spontaneous combustion method
(Avila, 2012) using the TGA test method.

e Measuring the coal reactivity through the use of the peak temperature, sample mass
increase and the thermogravimetry spontaneous combustion index (TGgpc Index).

e Analysing the same samples tested in the TGA using the Smith-Glasser oxidation
test.

e Comparing the two spontaneous combustion liability methods.

e Characterising the coal samples.

RESEARCH QUESTIONS

¢ Can the TGA method be used to determine the liability of coal to self-heat?
o Is the TGA method more accurate when compared to other spontaneous combustion
test methods?



CHAPTER 2

2,

2.1

2.1.1

LITERATURE REVIEW

The literature review discussed in this report highlights that, in order to understand self-
heating in coal, one has to have an appreciation for coal itself. This can be achieved by
understanding all principles relating to coal, starting from the formation of coal; demands
and uses of coal; advantages and disadvantages of using coal.

The phenomena known as spontaneous combustion or self-heating of coal is also covered in
the literature review and includes the process of self-heating, factors leading to self-heating,
previous incidents from spontaneous combustion, impacts of spontaneous combustion, and
analytical techniques to determine self-heating in coal.

Coal
Coal formation

South Africa is situated in the Gondwana region located in the southern hemisphere where
many plants accumulated in the Permian swamps, million years ago. The decaying plants,
frequently mixed with mineral matter, experienced compression and compaction, and were
exposed to high temperatures over time (the coalification process), World Coal Association
(2005), as displayed in Figure 1.
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Figure 1: Coal Formation (EIA, 2013)

The coalification process is an important component in determining the coal's physical and
chemical properties. Coalification stems from a combination of thermal effects and
compaction, and coal rank increases with depth. Basically, the longer and deeper the coals
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stays buried and exposed to appropriate conditions, the greater the transformations from peat
ultimately into anthracite. Methane gas forms during the coalification process of higher rank
coals, whilst the carbon dioxide and water form during the coalification process of lower
rank coals (World Coal Association, 2005).

Higher rank coals have a higher carbon content, which means a higher heating value, which
also mean lower hydrogen and oxygen content, compared to lower rank coals. Anthracites
are types of high rank coals, typically rich in vitrinite and low in ash. The lower rank coals
have the opposite properties, which are lower carbon content, lower heat value, higher
nitrogen and oxygen content (these include some of the reasons why lower grade coal when
not used quickly, may self-combust). The ranks of coals are structured as follows: peat,
lignite, sub-bituminous, bituminous and anthracite, reflecting the increase in carbon content
(Aziz, 2012), (Figure 2).

Increase in coal rank

Figure 2: Coal Rank, (Aziz, 2012)

Coal Demand in South Africa

South Africa’s (SA) energy is heavily dependent on coal as a source of energy (World Coal
Association, 2005). The dependency on coal has increased through the years, as can be
viewed from the source of energy in Figure 3. SA’s coal production and consumption is
amongst the top globally, with a production figure of 6.3 ton per capita in 2012, as
illustrated in Figure 4. South Africa’s coal consumption was rated 15" in the world (IEA,
2012) and this growth in the coal usage is directly proportional to the increase in polluting
emissions.
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Figure 3: Eskom Resources of Energy (Eskom, 2012)

Coal is utilised in various processes such as power generation, transportation, and industrial
processes which include metallurgical, cement and chemical processes. Coal is involved in
our daily lives, because energy is vital to our existence; the other energy source alternatives
only contribute 7% to power generation (Eskom, 2012).
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Figure 4: Global Coal production and consumption per capita (IEA, 2012)

Not only does coal provide a means towards cheap power, but it also creates coal mining
jobs for the communities, which brings job security to many homes.

South Africa is one of the top coal exporting countries in the world and this causes high
demand in the transportation of coal which requires high efficiency in order to increase the
economy of the country (Transnet, 2014).



2.1.3 The Advantages and Disadvantages of Coal Use
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The main advantage of using coal is that it is cheap because we have it in abundance; it is
not a commodity that needs to be imported. Coal has been mined and exported for years;
South Africa therefore has the experience and knowledge to handle it. Coal is easy to burn;
it produces high energy when combusted and it has stable prices when compared with other
fuel commodities.

However, the usage of coal comes at a hefty price. Large quantities of coal are used during
combustion; this will eventually lead to its depletion. Combustion of coal is environmentally
un-friendly as it produces unsafe by-products and gas emissions such as carbon dioxide
(CO3y), sulphur dioxide (SO,) and nitrogen dioxide (NO,). Most mines are not rehabilitated
after mine closure and that puts the lives of the communities at risks (Midwest Geological
Sequestration Consortium, 2011) because spontaneous combustion can occur due to an
exothermic reaction that slowly occurs through time. Coal mine fires are a common
occurrence in the Witbank coalfield, as well as Kentucky coal mines.

The main shortcoming of coal combustion is the release of CO,, which contributes to
greenhouse gas accumulation. Large quantities of CO, are formed as a by-product of a
number of industrial processes which include: fossil fuel combustion, ammonia synthesis,
hydrogen production by a process of steam reforming and lastly fermentation (Midwest
Geological Sequestration Consortium, 2011). The combustion of fuels which contain carbon
such as: coal, petroleum distillates, methane and wood, results in the production of CO,
(Midwest Geological Sequestration Consortium, 2011).

Low grade coal tends to spontaneously combust when not managed effectively in stockpiles,
during transportation, and during production underground. The occurrence of spontaneous
combustion is a costly and life threatening problem that wastes valuable resources.

Spontaneous combustion of coal

Spontaneous combustion of coal is a form of combustion that begins by self-heating caused
by internal exothermic reactions in the coal particles (Coaltech Research Association, 2011).
This is a slow process that takes time to occur, but can be very destructive once it gets

going.

Carbonaceous matter can interact with oxygen in the air at ambient temperature to create a
run-away temperature profile. The increase in temperature caused by the exothermic
reactions creates conditions favouring spontaneous combustion. The reaction is normally
slow under ambient temperature, but when heat increases and the temperature raised
according to the Arrhenius law, the reaction rate increases exponentially:

Equation 2 (Coaltech Research Association, 2011)
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Where:

v = Reaction (molg™'s™)

¢ = Combustible concentration (kg/m3)

¢, = OXxygen concentration

A = Arrhenius Frequency Factor (s or s'C'™)
Ea = Activation Energy (kJ/mole)

R = Universal gas constant = 8.314 JmoleK™
T = Temperature (K)

Exposure to air causes a continuous oxidation reaction of coal in coal dumps, un-
rehabilitated closed coal mines, existing coal mines, coal shipments or coal stockpiles. The
heat generated is normally trapped and increases, eventually leading to spontaneous
combustion.

Three processes occur during the self-heating of coal according to Carras (1994):
e physical adsorption,
¢ chemical adsorption (which leads to the formation of carboxyl and other forms),
e oxidation (where O, and coal react to discharges gases such as CO, H;0, and CO,).

Horsfall (1985) goes further to explain the above mentioned three processes as follows:

Spontaneous combustion occurs in different stages, where:

e Oxidation occurs slowly as the rise in temperature builds up to about 50°C. Carbon
monoxide (CO) can be detected at this stage.

e The oxidation picks up speed as the temperature continues to rise above 100°C and
so does the CO.

e  Water vapour and CO; start forming as the temperature gets to 138°C.

e The CO continues to rise as the temperature increases to 230°C and combustion can
occur at this temperature.

e [f the temperature is allowed to increase further on to above 350°C, coal ignition
begins and the combustion will start at this point.

Factors Leading to Self-heating of coal

The trend of coal to self-heat is caused mainly by (Coaltech Research Association, 2011):
e Basic factors (Intrinsic) such as: the coal type (rank and petrographic elements),
geological setting the conditions set by the environment and moisture content.
e Non-basic factors (Extrinsic): that is related to the mining of the coal, stockpile
compaction, method of ventilation and climatic conditions.

As the reaction of these factors together under certain situations may result in self-heating it
is therefore imperative for each factor to be understood for better management of coal,
especially coal in stockpiles or under transportation.



According to literature review collected from Beamish and Arisoy (2008), Coaltech
Research Association (2011), Falcon (1986), Fierro et al. (1999), Harris (1985), Horsfall
(1985), Sengupta (1989), there are a number of factors leading to spontaneous combustion
such as:

Rank of coal

The rank of coal is known as the degree of maturity or its coalification. This is the outcome
of the depth and the intensity of heat experienced in the peat formation. Low rank coal tends
to take up O3 due to the high internal surface area which allows the C/O; contact. It is stated
that low rank coals are more reactive than the high rank coals due to their high porous
structure that allows them to absorb O, from its surroundings. The petrographic analysis will
be highly important regarded in this aspect.

Moisture content

Coal has the ability to absorb water; therefore every coal has inherent moisture. The content
of the water is dependent on the coal maturation. The amount of water in the coal directly
affects the heating rate removal, when water vapour condenses, heat is liberated. Coal
samples consisting of high inherent moisture content have a higher heating tendency. When
dry coal comes into contact with humid air, the coal tends to spontaneously combust due to
heats of wetting.

Pyrite content

The pyrite content is a mineral impurity in the coal that causes swelling when oxidised. The
reaction between pyrite, moisture and oxygen is exothermic and may lead to the formation
of hazardous chemicals such as sulphuric acid and iron sulphates.

Coal particle size

The coal particle size plays a crucial role in spontaneous combustion of coal. A smaller coal
particle size has a larger surface area and generates more heat and has higher mass transfer
coefficient. Since the oxidation of a coal begins at the surface, the large surface area
generating from small particles is not ideal, because this increases the probability of a coal
to self-heat.

Porosity
Porosity is the total surface area available and the voids which exist on the surface. This

characteristic is very critical in spontaneous combustion, because the voids are a source of
storage of moisture and gas which leads to self-heating.
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Maceral composition

Oxidation attacks the non-aromatic part of the coal molecule; this more commonly occurs in
low rank coals, in liptinite and vitrinite groups of bituminous coal.

Calorific value

The calorific value, also known as the energy value of coal, is the amount of potential
energy that could be converted into heat. This means that a coal with a lower calorific value
has a lower ability to convert the energy to heat.

Ventilation of coal

Combustion cannot occur without a supply of O,. O; is provided by the numerous openings
into old workings, and openings in the stockpile from the different sizes of the coal particles.

Heat transfer coefficient on the bulk surface

The heat transfer coefficient of coal has an inversely proportional relationship with the
particle size. When the particle size decreases, it increases the specific surface area which
leads to greater rates of reaction thus increasing the heat transfer coefficient of coal.

Coal storage facilities

The storage of low rank coal for a long period of time in an open space can lead to self-
heating in the coal. Stockpiles are accessible more to heat and rain exposure than closed
bunkers. Both heat and water content makes the coal more prone to self-heat.

Degree of compaction of the coal on a stockpile or dump

The degree of compaction of a stockpile is crucial in restricting the availability of air and
effectively preventing self-heating of coal. The reduction of the pore volume between the
coal particles will increase the degree of compaction.

Previous Incidents of Spontaneous combustion

The coal industry has had 511 fatalities in 43 incidents between the years 1886 to 2000
(Mine Accidents database, 2015), resulting from different causes such as explosions, rock
fall, poison gas, fire, flooding, machinery and outbursts (Figure 5). A list with the
information of the disasters can be viewed in Appendix F.

Coal dust is a powdered form of coal which is created during mining. Coal dust has a higher
surface area per unit weight when compared to lumps of coal, and is more susceptible to
spontaneously combust. The coal dust is explosive when suspended in air (NIOSH, 2012).



The most fatal incidents are closely associated with coal dust explosions. There are grey
areas in some incidents in establishing the cause between coal dust and methane.

24 14 8 5 3
™~
32
428
™ Explosion = Rockfall B Poison gas Flooding
M Fire ¥ Machinery B Qutburst

Figure 5: Coal Mine Fatalities Statistics from 1880 — 2000, Mine Accidents database (2015)

From the 428 fatalities occurring due to explosions, 227 (53%) of them resulted from
spontaneous combustion (Figure 6). From the 26 explosion incidents, 5 incidents were due
to spontaneous combustion arising from coal dust and in some cases a combination of coal
dust and gas (Creighton, 2003); more information and pictures on some of the incidents can
be viewed in Appendix F. There is little certainty in most reports of the actual causes of the
explosion incidents between coal dust and gases, which leads to assumptions being used to
conclude. Overall, these figures emphasize the dangers in coal mines due to spontaneous
combustion in general.

511
Coal Faalities
43 Incadernts

423 Fatalmies 53 Fatalities
(Exploaon) (Fock fall, Poison gas, Fu e
2% Incidems Flooding RMachmnmery, Outhur st

17 Incxlents

227 Fatsities 202 Fxxalties
Spontanecus Combustiond Gas Frne)
S Incklems 21 InGidents

Figure 6: Breakdown of the fatalities, Mine Accidents database (2015)
Spontaneous combustion of coal has been an ongoing problem for decades in South Africa

and globally. Countless incidents have occurred throughout the years making this a critical
problem. A few cases will be discussed to add emphasizes the intensity of this phenomenon.
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2.2.2.1 South African Incidents
Middleburg Colliery Incident

The Middleburg Colliery in South Africa based in the Mpumalanga region has been
experiencing spontaneous combustion for over a period of 50 years. The first reported
incident occurred in 1947 when the mine was being decommissioned. This occurrence was
the end result of the pillar robbing process that was conducted in the 1930 and 1940s. Pillars
consist of abundant coal and are normally removed when the mine boundary has been
reached. The removal of the pillars causes the mining structure to cave in causing surface
tension cracks which allows oxygen to seep through and leads to self-heating in the coal in
the remaining pillars (Bell et al., 2001) ( Figure 7).

Figure 7: Runaway tension fracture from the area of collapse, due to pillar failure (Bell et al, 2001)

New Vaal Colliery incident

The New Vaal Colliery situated in the Sasolburg Coalfield began mining low rank coal in
1985 and the first underground workings were mined in 1987. The first incidents of
spontaneous combustion were reported in 1988. Old workings of unmined coal in the middle
seam which were exposed caught fire and a cladding and dozing method was used to stop
the fire rapidly within hours. Similar incidents were reported in 1989, and were always near
the mouth of the old workings making it easier to extinguish. The fires had spread widely by
February 1990, proving the inefficiency of this method; the mine opted to use sand to
smother the fire. The sand could not effectively extinguish the fire, that by 1992 the fires
became bigger and had consumed the whole length of the main pit, making it extremely
dangerous to work on the pit. A decision was taken to buffer blast all areas of concern, by
blasting all coal pillars thus sealing the entrance of the workings and preventing air from
entering (Stenzel, 2002; Pone et al., 2007).
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Kleinkopjie Colliery

The Kleinkopjie Colliery is a low ash metallurgical coal that has been experiencing
spontaneous combustion for a lengthy period. The old workings are extensively flooded,
from ground water outflow. The underground workings between the northern and southern
parts of the operation, at the time, contained eleven million cubic metres of saline, neutral
water. Dewatering occurred in time, ahead of mining, but three to four million cubic metres
of water remained behind. The dewatering process allowed air to flow between the northern
and southern sections, in order to dry the coal. The early dewatering of the area are
suspected to have promoted the combustion by exposing the strata to oxygen Spontaneous
combustion has been encountered in a localized area since October 1999. The shales above
the Number 2 Seam roof are the most liable to spontaneous combustion; the Number 4
Upper and Lower Seams are also prone. It has been an ongoing problem that is currently
being managed by cladding the cracks and openings with soil to prevent any admission of
O, into the subsurface. Jeffrey (2002) gave another solution to this ongoing problem, by total
extraction of the coal.

Global Incidents
Box Flat Mine, Swanbank (Australia)

The Box Flat Mine incident occurred in 1972 where 17 men lost their lives due to a fire
caused by spontaneous combustion. The mine was sealed after the incident and no further
inspection and investigation could be performed. A report was released after 99 days after
the incident (Jones, 1983) and stated that the fire which occurred was directly initiated by
spontaneous combustion.

Kianga Mine, Moura (Australia)

Another incident occurred in 1975 in the Kianga Mine which resulted in 12 fatalities. It
found that the explosion was caused by a spontaneous combustion source which ignited
flammable gas and which was propagated by coal dust (Loane, 1975). This incident was
identical to the Box Flat Mine and was handled in the same manner. A report was issued 87
days after the incident, which stated that an explosion underground resulted from
spontaneous combustion (Jones, 1983).

Westray Mine (Canada)

An incident occurred at the Westray Mine in Nova Scotia in 1992, which resulted in 26
fatalities. The coal dust was the hazard in this case; a previous enquiry had been made
regarding this problem, but no effective action was taken (Jones, 1983).

12



223

Michael Colliery (Scotland)

This particular incident occurred in 1967 in a village of East Wemyss and resulted in 9
fatalities. No evidence could be obtained during the enquiry which led to the conclusion that
the fire was initiated by spontaneous heating of coal from the roof of the Loader Mine
(Stephenson, 1967). This fire led to the ignition of polyurethane foam that was used in the
lining of the roadway (Jones, 1983).

Blair Athol Coal Mine, Australia

The Blair Athol Mine is well known for having difficulties with spontaneous combustion,
Figure 8 displays one of the incidents that occurred (Mining Mayhem, 2009).

Figure 8: BHP's Blair Athol in Queensland (Mining Mayhem, 2009)

The impacts of Spontaneous Combustion on the environment

The impacts of spontaneous combustion are very severe when it comes to the following
(Coaltech Research Association, 2011):

Safety:
e Hazards to mine workers or any person near the fire.
e Potential loss of life or injury.

The environment:
Toxic and flammable gases are released during the oxidation of coal and during spontaneous
combustion and these always pose threats such as suffocation, poisoning, and explosions.

Explosive gases that are formed during the oxidation of coal:
e Hydrogen (H,),
e Carbon Monoxide (CO) and
e Methane (CH,).

13



2.3

2.3.1

Toxic emission that are released during spontaneous combustion:
e Carbon Monoxide (CO),

Hydrogen Sulphide (H,S),

Sulphur Dioxide (SO,) and

Oxides of Nitrogen (NOy)

Flammable gases that are present in small quantities and serve as indicators of possible
threats:

e FEthane (C;Hg),

e Acetylene (CoH,) and

e Ethylene (C;Hy).

Financial Implications

e Loss of coal exports.

e Loss of equipment.

e Possible redeployment

e Compensation pay out to families that have lost their loved ones.
e Increased difficulty in the coal extraction and beneficiation.

e Decrease in coal quality.

Previous work done to investigate self-heating coals

There is a lot of evidence in the literature of the establishment of methods of investigating
self-heating in coals. Different methods are briefly discussed below to help motivate the
choice taken in selecting the TGA method as the method to determine spontaneous
combustion liability in the current study.

Static Isothermal Method

The static isothermal method measures the reaction of coal with O, (Sevenster, 1961). Smith
and Glasser (2005) also used this method and worked on the principle that when the coal
adsorbs O,, the oil in a beaker is displaced due to absorption; this becomes evident by the
increase in the oil reading in the pipette. The Smith-Glasser oxidation test used the complete
static isothermal apparatus (Figure 9), which consisted of a static isothermal reactor,
turntable device, a balance and a computer program to monitor the tests. A blank sample
was run with each sample to help compensate for any change in ambient temperature or
pressure by taking the reading of the blank sample. The O, absorption is calculated as
follows:
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2.3.2

0, absorption rate = P Vo Equation 3 (Smith and Glasser, 2005)
: (MWO2 )~(coal sample mass)-(time period)

Where:

poil = density of the oil (kg/m’)

Vi = volume of oil absorbed over the specified time period (m?)
MW, = molecular weight of O, (g/mol)
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Figure 9: The Smith-Glasser Apparatus (Adamski, 2003)
This self-heating liability determining test is discussed further in Section 3.

There is no clear or specified time set for the duration of the static isothermal method. The
duration depends on the coal rank, because lower rank coals tend to react quicker and can
have test duration of 4 hours. Some coals take longer to react and can take days before a
reaction can be observed. The duration of this method is a major disadvantage.

Adiabatic Calorimetry Method

Luo and Wang (2011) used the adiabatic calorimetry method, which consisted of an
insulated reaction container holding a certain amount of coal sample ensuring minimal heat
loss (Beamish. et al, 2000). The reaction container was placed in an adiabatic oven. After
the sample was preheated and dried in the N, atmosphere, pure O, was passed through the
sample. A thermometer was buried inside the coal sample, while another measures the oven
temperature. Ideally, the oven temperature should be controlled to be equal to that of the
coal sample to avoid heat exchange between the coal samples. Through such control, it was
ensured that all the heat generated by the oxidation of the coal sample was used to sustain
the reaction and to raise the temperature of the coal. The R70 self-heating rate index is a
measure of spontaneous combustion propensity of coal and is defined as the average
temperature increase per hour in the duration for the sample’s temperature to increase from
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40°C to 70°C temperature (Humphreys, 1981). The R70 test is an example of an adiabatic
method (Luo and Wang, 2011).

R70 Method

Beamish and Arisoy (2008) described the R70 testing procedure as a process that uses a
150g sample of <212um crushed coal that is dried at 110°C under N, for approximately 16
hours. While still under N,, the coal is cooled to 40°C before it is transferred into an
adiabatic oven. The coal temperature is then equilibrated to 40°C under the N, flow in the
adiabatic oven. When equilibrium is reached, the O, is then introduced to the sample at a
flow rate of 50mL/min.

A data logger records the temperature rise due to the self-heating of the coal. The time taken
for the coal temperature to reach 70°C is used to calculate the average self-heating rate for
the rise in temperature due to adiabatic oxidation. This is known as the R70 index, which is
in units of °C/h. It is a good indicator of the intrinsic coal reactivity towards oxygen. In
addition, the data from this test can be used to obtain kinetic parameters for the coal self-
heating up to the trip temperature, which is set at 160°C. These kinetic parameters can be
used as input to numerical models (Arisoy and Beamish, 2008).

The main disadvantage of this method is that according to R70 standard, 36 hours is
required to deem the sample to have low propensity of spontaneous combustion when there
is no apparent temperature rise (Luo and Wang, 2011). Therefore this means that 36 hours is
required to ensure accuracy in the results and this makes it a lengthy method that requires
sufficient time to complete (Figure 10).
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Figure 10: R70 Predicted self-heating curves of samples from the Pittsburg and Sewickley Coal
seams illustrating the duration of R70 tests (Luo and Wang, 2012).

2.3.3 Crossing Point Index (CPI)

The main aim of the crossing point temperature (CPI) method is to attain the ignition
temperature of the coal by obtaining the lowest temperature in which spontaneous
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2.3.5

combustion is likely to occur. According to Sensogut and Cinar (2006), the coal is heated in
a reaction tube inside a furnace at constant or temperature ramp of 2°C/h, with O, or dry air
flowing through at a flow rate of 40mL/min, until the coal temperatures surpass the furnace
temperature. The temperature at which the coal and the furnace temperatures match is
known as the CPI (Feng et al., 1973). Ignition occurs at a temperature above the cross point
temperature (de Korte, 2014).

A Cross Point Index was established by Feng et al. (1973) as follows:

Average heating rate 110°C - 200°C .

CPIl =

100 .......... Equation 4 (Feng et al., 1973)

Crossing point temperature®C

Coals that have a liability index below 5 are considered low risk to self-heat, those having
liability index ranging from 5 — 10 are regarded as a medium risk, and those that have a
liability index above 10 are classified as high risk to self-heating.

The disadvantage about this method according to de Korte (2014) is that the test variables
need careful selection and all the variables, such as the furnace temperature, temperature
ramp, flow rate, used in the test need to be specified.

Wits-Ehac liability Index

The Wits — Ehac Index is a method that uses a crossing-point temperature method and the
slope of a differential temperature and time curve to indicate the propensity of coals to
spontaneously combust (Uludag, 2007). This method uses the following formula:

slope of stagell 50

Wits - EhacIndex = ————————""500 ..cccoomrerrmrrnrrrirrirrrssirnnn Equation 5 (Uludag, 2007)

crossing —point ?
Coals which have a high Wits-Ehac Index have higher chances to spontaneously combust
(Gouws and Wade, 1989). This method uses an oil bath, heater, and flow meter for air
control, cell assemblies and a data capturing system. The samples are heated and the
temperature difference between the coal and the inert reference material is measured and
plotted against the temperature of the inert material. This test runs up to 200°C. This method
was compared to the Smith-Glasser oxidation test and deemed successful by Uludag (2007).
The Wits-Ehac Index values are between three and six, a higher value indicates a coal that is
prone to self-heating. This test is not currently available.

Differential Thermal Analysis (DTA)

Several researchers such as Banerjee and Chakravarty (1967) and Gouws and Wade (1989)
used the DTA to characterize the thermal changes in coal. Differential thermal analysis
involves a method that heats a small coal sample and an inert reference sample at a constant
heating rate. The temperature difference between the two samples is measured and used to
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2.3.6

obtain the development of the occurring chemical and physical reactions (Avila, 2012; de
Korte, 2014).

The coal sample temperature normally rises at a slow rate in the early stages due to inherent
moisture, but gains momentum due to the exothermic reaction that occurs from oxidation
and surpasses the reference sample temperature (Pattanakik et al., 2011). The differential
time is then plotted against time or the temperature of the inert reference sample on a graph
known as thermograms (Figure 11).
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Figure 11: Differential thermograms (de Korte, 2014)

The disadvantages of using this method are that errors can occur if the differential
thermocouple beads are not in the symmetrical centre of the cavities. Another form of errors
occur if the sample shrinks from the wall of the cup, thus affecting the sample temperature
overall (Pask and Warner, 1953). The DTA has limitations in terms of sensitivity, especially
when the released heat is too small to detect, this leads to less accurate results when
compared to the TGA (Klanc¢nik et al., 2010). It is stated that the reaction or transition is
only 20 -50% DTA and that there is uncertainty in heat of fusion (Barlow, 2013).

Mathematical Model

Previous work was conducted by Carras and Young (1994) where a mathematical basis for
modelling self-heating in coal stockpiles was utilized. A heat generating mechanism and the
heat-loss mechanism was quantified, then the heat overall balance could be obtained. This
process not only describes the heat generation rate, but also the transportation of the heat
generation rate through the stockpile and the causes on the surrounding environment. Carras
and Young (1994) established three equations to describe heat, mass and momentum.

Heat Balance (Carras and Young, 1994)

(1 -€) VTpscs (OT/0t) + paca U *V - (1 - €) pses K VT+G=0 ... Equation 6
Where:

VT= temperature gradient (K/m)

18



2.3.7

€ = voidage

p = density (kg/m’)

¢ = heat capacity of air and dry coal (J/kgK)
K = thermal diffusivity (W/m.K)

G = source term for heat

U = gas velocity (m/s)

This formula gives the rate at which the heat is accumulated or lost, transported and
conducted through the coal matrix.

Mass Balance (for a gas e.g O; or H,0,)

g@B/ot) + e U* VB-Dg VIBHF=0 ..ooooiiiiiiiiiiiiiiiieeeee e, Equation 7
Where:

B = concentration of the gas (mol/m°)

t = time (s)

F = source/sink term
Dg = diffusion coefficient (m?/s)

Momentum Balance
U=(K/ ) (- P pg) e e Equation 8

Where:

VP = pressure (Pa/m)

n = dynamic viscosity (kg/m.s)
k = permeability of coal matrix (m?/s)
g = acceleration due to gravity (m/s%)

Thermogravimetric Analysis (TGA) Methods

TGA methods provide the following data: moisture loss, weight gain (which relates the O,
adsorption) and weight loss (which relates the ignition point of the coal), which are crucial
when testing coal’s liability to self-heating.

A TA Instruments model Q-50 analyzer was used in the test by Luo and Wang (2011). A
coal sample with a 50 mesh (297 um) was run in the furnace under a specific temperature
ramp and oxygen flowrate until a constant sample mass was measured. The test require
about an hour to complete the run — a significant advantage over the R70 method (Luo and
Wang, 2011). The thermogravimetric (T-G) curve is used to evaluate the propensity for self-
heating, by viewing the weight gain during the low temperature oxidation (T;) and the
weight loss due to the occurrence of combustion (T,). This method claims that a coal that is
not likely to self-heat will not gain weight during this period; this is the complete opposite to
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2.3.8

the observation made by Avila (2012). Previous TGA tests have not quantified the
propensity of the coal to spontaneously combust directly and Wang et al., (2003) had stated
that the reaction is too slight for detection by the instrument.

2" TGA Method

According to Avila (2012), existing test methods for coal’s propensity to self-heat focus on
the primary parameters such as coal rank, temperature of coal deposits, heat evolution of
stockpiles and the surrounding oxygen concentration, but ignore secondary parameters such
as mass loss of coal, changes that occur in petrology, and the chemical composition as a
result of weathering.

The TGA is still a secondary tool used to identify prone coals; it has the ability to provide
the trend of the sample mass linked to changes in temperature. According to the literature
reviewed from Sima-Ella (2005), Serageldin et al. (1984), Elder (1983), Kizgut et al. (2004),
William (1986), the TGA has the ability to:

e give precise values for degradation temperatures of the coal during the oxidation
process,

e quantify the adsorption and desorption of oxygen and quantify reactive or unreactive
components of samples.

e assess coal reactivity,

e obtain kinetics parameters of fuels such as reaction order, activation energy and pre-
exponential factors,

¢ calculate reactivity under different atmosphere conditions,

e quantify physical characteristics such as moisture, volatile, carbon and ash content.

Non-isothermal tests calculate the burning profiles of coal and char particles (Norton, 1993)
and can be used to predict the operating conditions of industrial reactors. Most of these tests
were designed to provide information about the oxidation reaction at high temperatures
(Morgan et.al, 1986) (Cumming et al., 1982) and can reveal important information about the
self-heating of coal (Serageldin et al., 1984). Marinov (1977) and Earnest (1988) have
previously researched two potential non-isothermal tests:

First Test — the different stages of the weight loss can be spotted through a single heating
ramp in air. There are several measurable parameters such as percentage of oxygen
absorption, water desorption, starting combustion temperature, and peak and burnout
temperatures that can be obtained from this test which depend on the applied specific
heating rate.

Second Test - the effect of temperature on sample weight can be studied by using an
integrated approach and calculating an index independent of the applied heating rate. This is

done by performing parallel experiments at different heating rates, using a similar
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experimental approach to calculate kinetics parameters by TGA (Wang, 2007). The
derivative of the weight loss can also be associated with each heating rate to determine how
coal reactivity is affected by changes in temperature. Coal samples could be classified in

terms of its propensity to react with air, depending on the extent of the changes in

temperature.

Successful attempts using thermogravimetry to estimate propensity of coals to spontaneous

combustion have not been reported, and the potential uses of TGA to quantify coal oxidative
behaviour represented a research opportunity to develop the method (Avila, 2012).

Avila (2012) used the TGA to predict the self-oxidation of coals, but used a different
approach to Luo and Wang (2011), by using five different heating rates (Figure 12). During
the early stages of heating, the derivative weight curve shows a linear segment that is
approximated by a linear trend as illustrated in Figure 12. The linear stage of derivative
weight loss begins after the moisture release occurring between 90°C - 120°C, and
completes with an increase in the devolatisation rate that leads to the main combustion
reaction occurring between 300°C - 350°C. The linear trend depends on the heating rate and

this creates a relationship between the heating rate and mass loss for each sample.
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Figure 12: Derivative profiles used to obtain the TG, index (Avila, 2012)
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The slope of the linear segment of the derivative curve is obtained from the different heating
rates i.e. Slope A was obtained from the 20C/min heating rate. Avila (2012) used all the
heating rate results to obtain the adsorption and ignition points. Five derivative weight
curves are used to obtain the slopes of the linear segment, which give the TGy, index

(thermogravimetry spontaneous combustion index).

TG

spc

_ Aweight loss rate (Wt o, oc-1 min‘l)
ATemperature

Equation 9 (Avila, 2012)

This experiment views the results as: the higher the TGy, index, the more reactive the coal,
which will lead to self-heating. The adsorption results (Figure 13) show three characteristic

weight loss curves.
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e The curve that does not gain any mass is ruled by the desorption stage; this coal is
very reactive and most likely to spontaneously combust.

e The curve that gains a little mass is in between desorption and adsorption, so this
coal, under specific conditions, might self-heat.

e The last curve that has a huge mass increase is the least reactive coal and will not
self-heat. This coal is ruled by the O, adsorption.

Figure 13: Oxygen adsorption curves illustrating the weight gain (Avila, 2012)

Prevention of Self-heating in coal

Spontaneous combustion mainly depends on oxidation, heat, time and availability, and
therefore if all these three factors are managed effectively, then this problem would be
prevented. The first step is to act swiftly when dealing with carbonaceous material by
ensuring that, for example, stockpiles do not sit for long periods of time being incorrectly
managed, and are well monitored. There is also a need to make sure that coal particles are
placed strategically to allow ventilation within the stockpiles, (this can be achieved by
storing the different coal particle sizes separately, or limiting the height of the stockpiles, or
dissipating the coal materials which have fines) and avoid segregation. Fine coal stockpiles
minimise most of the airflow thus decreasing the chances of spontaneous combustion
occurring, than when mixed with bigger sized coal particles. Mines need to ensure that

dumps are not left unmanaged and that the land is rehabilitated (Adamski, 2003; Yuan,
1991; de Korte, 2001).

Control Measures (Coaltech Research Association, 2011)
Effective control of spontaneous combustion can be achieved by using a combination of

techniques. The control measures that can be applied in South African collieries can be
listed in three groups:
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e Reduction of oxygen
e Reduction of temperature
e Removal of fuel

Reduction of O, (Coaltech Research Association, 2011)

According to Schalekamp (2006), the control measures to reduce O, from the process can be
implemented through the introduction of:

Sealing agents:

Sealing agents are not the most practical or economical solution to spontaneous combustion
due to the large highwalls (estimation of 2km length x 60m height) that normally require
sealing. This type of control uses a mixture of sealing agents such as calcium chloride
(CaCl) and binder and filler agent such as bentonite.

Dozing over

Dozing is not the most effective method to control spontaneous combustion as ventilation
still seeps through. This method places sand over the highwall in an attempt to close the old
workings. This is normally performed immediately after the old workings have been
subjected to the atmosphere. The dozer pushes and compresses the sand over the highwall.

Buffer blasting

Buffer blasting is a method used for sealing the old workings before mining commences, the
old workings are blasted in a specific site without causing movement as an after effect of the
blast. The blasted material collapses and is used to seal openings and limit air movement,
thus helping to minimize the liability of spontaneous combustion. The pressure from the
blast causes the contained material to forcefully move upward. Buffer blasting can also be
used for other applications such as stabilizing the area above the old workings or improving
stability of the highwall.

Cladding

Cladding is a method of sealing, which can be introduced in a form of soft material on top of
a buffer zone. This method helps minimize the air flow coming into the buffer or inside the
buffer. Lack of oxygen will not boost any occurrence of spontaneous combustion. This
method however has disadvantages in terms of costs, it requires a lot of work such as
loading additional material, levelling the material using a dozer, it is time consuming and all
these factors adds to the cost expect.

Reduction of temperature (Coaltech Research Association, 2011)

The control measures used to reduce the temperature and thus controlling the reaction rate
and spontaneous combustion are through the introduction of:
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* Water cannons onto the high wall and in front of the dragline and during cooling, a
mixture of water and Pyrocool is used to enhance the cooling effect (this is however an
expensive and temporary solution).

» Nitrogen injection into old workings.

» Carbon dioxide injection into old workings, reduces burning rate by more than 20% by
volume, replaces O, and cools down.

2.4.1.3 Removal of fuel (Coaltech Research Association, 2011)
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2.5

The removal of the fuel can be done via:
* Excavation of hot or burning material.

Monitoring of Self-heating in coal (Coaltech Research Association, 2011)

The efficiency or success of these control measures is dependent on individual situations,
such as mine layouts, the extent of the spontaneous combustion problems, and how the
control measure are monitored. Guidelines were set by the Department of Energy in the
USA to minimize the liability of spontaneous combustion, as summarized below:

e The heating rate increases with an increase in moisture content.

e Coals that have low calorific value are liable to self-heat.

e Coals that have high oxygen content are liable to self-heat.

e Sulphur plays a role in self-heating of coal.

e Smaller particles of coals are more liable to self-heat.

e Segregation in coal particle size poses a threat as larger particles of coal allows air to
seep through and an exothermic reaction occurs when the small particle size coal
oxidises.

e An increase in temperature doubles the reaction rate and raises the liability of coal to
self-heat.

It is critical to know that a hot spot in freshly mined coal may not be visible for a
month or two.

Chapter Summary

Coal is a high in demand commodity and South Africa is heavily dependent on it as a source
of energy. Coal has disadvantages environmentally which creates concern and debates
globally on its continuous usage, but also has advantages which are difficult to ignore. It is
crucial to understand the quality of the coal in order to handle it efficiently. It is also
important to know the intrinsic and extrinsic factors leading to self-heating of coal, in order
to effectively manage the spontaneous combustion liability problem of coal. The TGA test
as performed by Avila (2012) and the Smith-Glasser test as reported by Smith-Glasser
(2005) will be used in this study
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CHAPTER 3

3 METHODOLOGY

3.1 Project Plan

The flow diagram illustrates all the work that was performed in this project.

Project Planning

; Cone and ; Sample i Sample
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Coal hnalysls =W Analysis Analysis — Analysis 9] | Petrgraphy
A Y \ \
/ Data / / Data Data / / Data /
. Sample v
Selection
Self-heating Tests
TGA Test Smith-Glasser
Test

Comparison

Conclusion

Figure 14: Flow diagram of project plan
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3.2 Sample Preparation

3.2.1 Sample origin

A large number of samples were analysed, obtained from a variety of sources around South
Africa. Some samples were known to be liable to self-heat, others less so. In total, 29
samples were scheduled to be assessed in this project. All samples were received in 2014. In
most instances the sampling procedure is unknown, but this is not really of any consequence
for the project as the focus is on the analytical techniques not the individual sample.

3.2.2 Sample Splitting

Large bags of coal were received and required to be reduced to representative samples
before crushing sample; this helped avoid the lengthy labour of crushing and milling the
entire initial sample. The cone and quartering method was utilized to split the coal samples.
This method required a large work space and a large piece of plastic which acts as a working
mat for the samples that will help eliminate any chance of sample contamination.

The entire sample is poured into a cone then flatted over the plastic cover. The sample was
then divided into quarters and the two opposite quarters were retained for later use (if need
be) and the other two quarters were built into a new cone (Figure 15). The cycle can be
repeated four times or more depending on the size of the original coal sample.

For this project the cone and quartering procedure was repeated four times for each sample
due to the large size of the initial coal samples and to ensure a proper representative coal
sample was obtained.

Stage 1 Stage 2

< e

gather material into a cone flatten the cone
laboratory sample i
\ cycle

[ -

Stage S
p™ = - L —
divide into quarters divide in half
Stage 4 Stage 3

Figure 15: Cone and quartering - splitting method (Harvey, 2000)

3.2.3 Sample Crushing

All representative samples were crushed using a jaw crusher; to a particle size of +4mm size
range. Compressed air was used to blow any entrapped samples inside the jaw crusher and
ensured the equipment was clean. A small portion of the sample about to be crushed was
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3.2.4

3.2.5

crushed to further clean the jaw crusher ensuring that only the sample remained inside the
machine. The representative sample was gradually poured inside the crusher until the entire
sample was complete. The crushed sample was then transferred into a labelled plastic bag
and sealed.

This procedure was repeated for all samples, especially the cleaning part to avoid
contamination during this process.

Sample Reduction

The crushed samples were further reduced to a smaller quantity using an Endecott Riffle
Divider (Figure 16). The Endecott riffle divider contains of the main splitting piece and
three separating containers. Two containers were placed underneath the splitting piece and a
sample was poured into the riffle divider and split into two receiving containers. One half of
the sample was stored as a retained sample (for late use if necessary) and the other half was
further split. Two containers were assembled underneath the splitting piece again and the 1*
half was poured over the splitting piece and split again into two halves. This process was
repeated three times; the 3™ half was transferred into a labelled plastic bag and stored for the
next step.

Figure 16: Endecott Riffle Divider
Sample Milling

A RETSCH ZM 200 mill was used to mill all 29 samples to their required sizes for analysis.
A 250um screen was used in the mill to acquire the required particle size for the Smith-
Glasser test, TGA, proximate analysis, CV and sulphur analysis. A 2mm screen was used to
obtain the desired particle size for the petrographic analyses. The mill was cleaned after each
run in order to avoid a build-up of sample accumulating inside the instrument, which can
lead to a breakdown of the equipment. The milled samples were immediately placed into a
labelled plastic container that had a seal on top. Complete insulation of the samples was
critical for the spontaneous combustion tests.
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3.2.6 Sample Storage

3.3

3.3.1

All the milled, sealed and labelled samples were immediately placed in the fridge to
minimize oxidation.

Coal Analysis

Proximate Analysis

The proximate analysis provides information about the moisture content, volatile matter
content, ash content, fixed-carbon content.

A Perkin Elmer (PE) TGA was utilized for the proximate analyses determination. The TGA
has been explored as a swift, cost effective method for proximate analysis using one
technique which is applicable to very small and representative samples, according to
Beamish (1994) and Elder (1983). Extensive in-house studies have validated the use of the
TGA for proximate determination.

A clean alumina crucible was placed inside the PE TGA stem using a tweezer and a PE
TGA lid closed on top and the mass of the crucible was tarred and recorded. The crucible
was then removed from the instrument using a tweezer and placed on a clean paper towel.
An estimated weight of the sample was poured into the crucible, the crucible was placed
back inside the instrument and the sample weight was read from the screen. A required mass
of 11mg within +£0.2mg accuracy was required.

Once the correct mass was obtained the sample information was logged into the system. The
following settings were logged into the TGA programme for the proximate analysis:

Temperature Program

¢ Start the run (this action occurs immediately)

e Switch the gas to nitrogen at a flow rate of 40ml/min (when segment starts)
¢ Hold the temperature for 3 minutes at 30°C.

e Heat from 30°C to 110°C at 30°C/min.

¢ Hold the temperature for 3 minutes at 110°C.

e Heat from 110°C to 700C at 30°C/min.

¢ Hold the temperature for 1 minute at 700°C.

¢ Switch the gas to oxygen at a flow rate of 40ml/min (this action occurs immediately)
e Heat from 700°C to 900°C at 30°C/min

e Hold the temperature for 1 minute at 900°C

e Switch the gas to nitrogen at a flow rate of 30ml/min

e Cool the temperature back to 30°C

The proximate analysis results are obtained from the mass/temperature graph, where
different temperature ranges were used to calculate the moisture, volatile matter and fixed
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3.3.2

carbon and all three results were subtracted from 100 to obtain the ash content. This was
done in the following manner:

As Received Basis

Moisture (%): initial temperature +30°C — 110°C
Volatile Matter (%): 110°C - 700°C
Fixed Carbon (%): 700°C — maximum temperature £900°C

Ash content (%) = 100 — (Moisture + Volatile Matter + Fixed Carbon)

The Dry Basis results were calculated as follows (SGS Mining, 2013):

100
Volatile Matter (d.b) = T a——— volatile matter

....................... Equation 10

Loo
Ash content (d.b) = - . —x ash content
(10D — molsturs content!

........................ Equation 11

Fixed Carbon (d.b) = 100 — (volatile matter (d.b) + ash content (d.b}) .
.......... Equation 12

The dry basis results are used in the data analysis; the TGA graphs can be viewed in
Appendix A.

Gross Calorific Value (CV) Analysis

The gross calorific value (CV) of coal is the heat produced by its complete combustion with
O, per given mass of a fuel. This energy value of coal is the amount of potential
energy in coal that can be converted into actual heating ability. The combustion process
generates water vapour and certain techniques are used to recover the quantity of heat
contained in the water vapour by condensation. The CV of coal can be expressed in two
ways, also known as the methods of recovery: The higher CV (Gross Calorific Value) is
where the water of combustion is completely condensed and the heat contained in the water
vapour is recovered. The lower CV (Net Calorific Value) is when the products of
combustion contain the water vapour and the heat contained in the water vapor is not
recovered (Thomas, 2002).

This test was performed using the Drycal Modular bomb calorimeter. Calibration was
required before any analysis could be performed to ensure the integrity of the instrument;
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the calibration process uses a reference standard. A Benzoic Acid Calorific Value Standard
in a form of a tablet weighing +0.4g was used to calibrate the equipment.

One tablet was placed into a crucible and weighed; the mass was immediately logged into
the instrument and the sample name was logged as CAL. The O-ring around the bomb cap
was thoroughly sealed with a DC4 electrical insulating compound to ensure no air comes in
or out of the bomb calorimeter once closed. A string of cotton was hooked onto the ignition
wire then placed into the sample (it is critical for a connection to be present between the
sample and the ignition wire or the sample will not ignite). The bomb cap was then slowly
placed inside the bomb and locked in a clockwise direction. Oxygen gas was run up to 3.5
bars inside the bomb calorimeter. The latch was pushed to completely seal the bomb
calorimeter. The bomb was then slowly placed inside the calorimeter; the experiment began
immediately after the lid was closed. The calorific value results were obtained from the
screen once the run was completed, recorded as MJ/kg.

Total Sulphur Analysis

Sulphur is present in coal is either organically bound combinations or associated with
inorganic compounds such as pyrite (FeS;), and especially in weathered coals as gypsum
(CaS04.2H;0), and as ferrous sulphate (FeSO,.7H,0). Significant amounts of other
inorganic sulphates and sulphides such as barite (BaSO,) and sphalerite (ZnS) may be
present in trace concentrations in some coals. Sulphur is measured in three forms known as
sulphate, pyritic and organic. The pyritic form can be partially removed physically prior to
combustion, whilst the organic form cannot. The degree to which sulphur can be reduced in
coal is primarily dependent on the form of sulphur contained in the coal therefore analytical
methods for their accurate determination is crucial (Shimp, et al., 1977).

The total sulphur test is the most commonly test to obtain the sulphur content. The organic
sulphur content is obtained from the difference between the total sulphur test and the two
inorganic tests (pyritic and sulphate) (Paris, 1977). Total sulphur tests were performed in
this project.

The total sulphur analysis was performed using a LECO SC632 instrument. This test
requires a particle size of 250um and a sample between 0.25g and 0.35g. Calibration was
required before the instrument could be used especially if it is not operational daily.

The gas (O,) valve was opened and the instrument was heated from the standby temperature
of 650°C to 1350°C with temperature increments of 200°C. A system check is performed
and the calibration process begins when the check test reflects that the instrument is ready
for use. New crucibles are used to run the blank test; a mass of lg is logged in and the
crucible are analysed as Blank Samples. This test is repeated three times and the results are
calculated. The calibration analysis was run after the blank samples. A LECO reference
standard sample of 0.25g was weighed and logged into the instrument and run; this process
was repeated 3 times and the calibration calculations were performed and saved. The
reference standard was analysed again once, to check the calibration outcome. All 29
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samples were analysed using the same calibration steps described above, the reference
standard was analysed every three samples in order to continuously check the integrity of
the instrument. The results reported as %Total sulphur were directly obtained from the
LECO SC632 instrument, no calculations were required. The original results can be viewed
in the discussion of results.

Petrography

Coal petrography analyses are an important characterization technique to determine a coal’s
rank (degree of coalification) and type (amount and category of macerals).

Petrography blocks were produced and polished using a Struers Polisher before they were
analysed using the Leica DMP4500 reflected light microscope. The original results can be
viewed in Appendix E.

3.3.4.1 Petrography Block Preparation

A coal sample of -2mm particle size was poured into a sample cup that has been coated with
a thin layer of Vaseline. The coal sample was poured into the sample cup, half filling it. A
Struers hardener was mixed with a Struers Epoxy resin in a cup at a ratio of 1:7 (g) and
thoroughly mixed with a wooden spatula for a few seconds. The mixture was poured into the
sample cup and the whole mixture was thoroughly mixed, ensuring that the Vaseline was not
removed on the sides. The samples were stored for over 12 hours to allow them to set.

3.3.4.2 Petrography Block Polishing

The polishing procedure follows repetitive steps with a minor detail of changing the disc and
settings required for each stage. The petrography blocks were removed from the cups by
dipping the cup in a beaker filled with hot water for a few seconds. Once removed, the
petrography block was labelled using an electrical scriber.

The Struers polisher has a maximum capacity of three petrography blocks per run. The
blocks were polished using the MD-Fuga (with SIC 500 and SIC1000 grits), MD Firgo, MD
Dac and MD Chem discs. Different lubricants were used for the different discs. The samples
were rinsed after each run. All 29 samples were polished, rinsed and dried using compressed
air. The procedure followed complies with SABS 1SO7404 part 2.

3.3.4.3 Petrographic Analysis

Crucial data relevant to this project were the rank, vitrinite content and total reactivity of the
coal samples. The petrography results were analysed and interpreted using the guidelines set
by Falcon (1986) in Figure 17 to establish the coal’s ability to self-heat. SABS 1SO7404 part
3 and 5 were applied.
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3.4.1
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Figure 17: Liability of coals to spontaneously combustion as determined by inherent petrographic
characteristics. Cases A, B and C are coals that have undergone rapid spontaneous combustion (Falcon,
1986)

Self-heating determination

Various spontaneous combustion liability tests have been practiced throughout the years by
different researchers and all have a common disadvantage of having a long turnaround time
for the analysis. The TGA method is the methodology chosen for this project, mainly due to
its rapid analysis capability. In order to achieve the aim and objectives of this project, two
test methods are required, namely the TGA adsorption and ignition test from Avila (2012)
and the Static isothermal test from Smith-Glasser (2005).

Test 1 - TGA Method (Avila, 2012)

A TGA (TA SDT Q600), different to the one utilised in the proximate analysis, was used for
the adsorption and ignition tests. The TGA program was set according to the required
method (as stated on the following page), where the data storage was switched on and all the
gases used in the test were selected with their flowrates. The instrument was equilibrated
and the temperature ramps were started and the isothermal states were included at the
required points of the run. The data was saved automatically after the experiment run was
completed and can be retrieved from the TA Universal Analysis program.

A total number of 145 tests (29 samples * (3, 5, 7, 10, 20) °C/min temperature ramps) tests
were performed in this project.

TGA Program

The following settings were set on the instrument:
e Data storage ON

e Select gas | ( Nitrogen Baseline)

e Flowrate 70ml/min
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e Equilibrate at 30°C

e [sothermal for 1.0 minute

e Select gas 2 (Air Tech)

e Flowrate 100ml/min

e Temperature Ramp of (3,5,7,10,20)°C/min to 400°C
e Data storage OFF

One test per sample was run in the TGA for both the O, adsorption (weight vs temperature)
and ignition tests (derivative weight vs time curve). The results were obtained by changing
the signal on the TG curve settings (Figure 18).

[ Data File rformation = ||
Signal Selection =
Y1
Signal. [ Weight (%} -~ Type Normal -~
Y2
Signal. [ Not Used -~ Type: | Namal -~
¥3
Signal. | Not Used ~ Type | Nomnal ==
Ya
Signal: [ Not Used -] Type | Momal -~
x
7 Time {min) I Show Temperature (‘'C)
% Temperature ('C) I Show Time {min)
< Signal [ Weight 52y ~ Type | Nomal =
ok | Save | Defaut | Cancel | Help |

== = [ TTrrevious | OK T Same =z | Cancer | Fep T I

Figure 18: TGA Signal Selection

The ignition test studies the slopes of derivative weight curves between the range of 200°C —
350°C and the derivative weight of zero to sub-zero which is the oxidation area before the
ignition point that begins at zero (Figure 19). The ignition point is circled on Figure 19.

" /min)

200
Figure 19: Derivative weight curve showing Ignition point
The ignition results give five derivative weight curves of the five heating ramps (3, 5,7,10
and 20) °C/min, which are used to obtain slopes of linear segment. The slopes of linear

segment are plotted in a graph to obtain the R (correlation coefficient) results that is known
as the R%gapn. A more detailed explanation is discussed in section 4.4.1.
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The same five slopes of linear segment are used to obtain the calculated slopes of linear
segments in the following equation:

slape of linear segment

Slopes of linear segment calcutated = temparature ramp (Wt% °C™' min™)....Equation 13

The calculated slopes of linear segments were then plotted in a graph to obtain the
R catcutation- Equation 9 used by Avila (2012) was simplified to Equation 13 because the
slopes were obtained directly from the derivative mass graphs which calculates the mass loss
during the oxidation stage until the ignition point, this in the end means the same thing.

Once both the Rzgraph and chalculation values were obtained, the Thermogravimetry
Spontaneous Combustion index (TG, Index) was calculated as follows:

TGgpe Index - R? (graph) — R? (calculation) (Wt%0 oC! min'l) ............. Equation 14 (Avila, 2012)

The original results can be viewed in Appendix B. The TG, Index formulated by Avila
(2012) is not based on previous work done or but on previous theories by. This is the reason
why it became critical to validate the method against a well-established Smith-Glasser test.

The oxygen adsorption results give the mass increase of the sample, initial and peak
temperature which helps determine the reactivity of the coal sample. The O, adsorption test
looks at the relationship between the coal mass against the heating rate. The most critical
points in the test are:

e the initial temperature - the initial point where the mass begins to gain weight, the
initial temperature on Figure 20 has the value of 131.63°C.

e the peak temperature - where the sample reaches the highest mass increase, the peak
temperature on Figure 20 has the value of 269.83°C.

These two points indicate the reactivity of the coal and the mass increase value. Further
discussion of the O, adsorption test is covered in section 4.4.2.
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Figure 20: Adsorption Graph showing the Initial and Peak Temperature points

The test runs for the O, adsorption test were ramped to a temperature up to 400°C instead of
the 500°C set by Avila (2012) because the peak temperature never passed 350°C. The peak
temperature averages for all 29 samples were 275°C at 3°C /min temperature ramp, 286°C at
5°C/min, 292°C at 7°C /min, 300°C at 10°C /min and 314°C at 20 °C /min. The peak
temperature averages proved that it was not necessary to run the tests up to 500°C. Running
all 145 runs to 500°C would have been time consuming and unnecessary because both
400°C and 500°C runs would give the same peak temperature results. This means that the
results would not be affected if the test temperature would accidently exceed 400°C.

3.4.2 Test 2: Static Isothermal Method (Smith-Glasser, 2005)

The Smith-Glasser oxidation test (Figure 21) also requires a well prepared sample that was
prepared exactly as the samples used in the TGA test. Water was poured into the water bath
and set to a temperature of 40°C. While the water heats up, the sample was weighed into the
narrow neck flask and flashed with N, for a minute. The sample was immediately sealed
with a stopper once the minute has elapsed. The narrow neck was then connected to a U-
tube that is immersed in oil at one end. Vacuum grease was used to seal the connection of
the narrow neck flask and U-tube end. Oxygen was flushed into the sample for a minute and
the narrow neck flask sealed and placed inside the water bath set to 40°C. The joint
connection was placed inside the water bath and held with clamps to ensure no movement
during the test run. The timer was immediately started to record the duration of the test.
Readings of the oil displacement are in ml of O, absorbed by a given mass of coal per unit
of time. Only the selected samples were analysed due to the 48 hour duration of this test.
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Figure(s) 21: Static Isothermal Method (spontaneous combustion liability test)

The amount of O, absorbed per kg of coal per minute, known as the O absorption rate, was

obtained using Equation 3.

The initial plan was to run a few selected samples through the Smith-Glasser test due to its
long duration, but the first results did not correspond with the TGA results and the data from
the analysis. All the samples were analysed in the end to give more quality assurance before

a conclusion was made.

QUALITY ASSURANCE

Repeatability tests were performed for analysis that had no reference standards in place. The
LECO sulphur tests were not repeated because the reference standard results were within
specification, which emphasized the accuracy of the results.

All instruments were calibrated before analysis proceeded. The Drycal calorimeter used a
Benzoic Acid calorific standard in a form of a tablet. The tablet was run through the same
process for all analysis and the results were compared to the certified results.

TGA’s were calibrated using the prescribed calibration methods, but no standards were run.

The petrographic analyses were undertaken by an accredited coal petrographer. All analyses
were conducted in the Coal Lab School of Chemical and Metallurgical Engineering,
University of Witwatersrand.

36



CHAPTER 4
4 RESULTS AND DISCUSSION

The results obtained from all the tests performed (proximate, CV, Total sulphur,
petrographic properties and spontaneous combustion liability tests) are presented and
discussed in this section.

4.1  Proximate Analysis

The proximate analyses were performed using the Perkin Elmer TGA, as presented in Table
1, and the graphs are presented in Appendix A.

Table 1: Proximate Analysis Results consisting of both as received basis and calculated dry basis

Proximate Analysis

%As Received Basis %Dry Basis
; Volatile Fixed Volatile Fixed
Samples | Moisure Matter Carbon A Matter Carbon Ad
ZM| 3.06 30.05 57.30 9.59 31.00 59.11 9.89
M2 3.22 18.49 41.52 36.77 19.11 42.90 37.99
ZM3 2.01 21.56 44 81 31.62 22.00 45.73 32.27
/M4 2.30 21.18 48.61 27.91 21.68 49.75 28.57
ZM5 2.60 26.92 60.04 10.44 27.63 61.64 10.72
ZM6 1.87 21.97 54.83 21.33 22.39 55.87 21.73
M7 2.31 19.51 4291 35.27 19.97 43.92 36.10
ZM8 3.39 22.54 59.78 14.30 23.33 61.87 14.80
ZM9 2.44 26.77 47.15 23.63 27.44 48.33 24.22
ZM10 2.20 20.41 45.15 32.23 20.87 46.17 32.96
ZM11 1.82 21.12 44.56 32.50 21.52 45.38 33.10
ZM12 4.24 32.70 52.25 10.81 34.15 54.56 11.29
ZM13 1.85 21.66 41.31 35.19 22.06 42.09 35.85
ZM14 2.32 14.67 22.49 60.51 15.02 23.03 61.95
ZM15 3.59 18.40 48.09 29.93 19.08 49.88 31.04
ZM16 2.43 18.01 35.77 43.79 18.46 36.66 44.88
IMI17 2.69 24.15 54.01 19.15 24.82 55.50 19.68
ZMI138 1.71 20.47 42.66 35.15 20.83 43.40 35.77
ZM19 3.20 17.15 50.89 28.77 17.71 52,57 29.72
ZM20 173 16.82 41.74 39.71 17.12 42.48 40.41
ZM21 1.43 18.51 37.65 42.42 18.77 38.19 43.03
ZM22 1.00 14.78 19.74 64.48 14.93 19.94 65.13
ZM23 2.36 23.50 57.75 16.39 24.07 59.15 16.78
ZM24 1.86 16.67 30.15 51.32 16.99 30.72 52.29
ZM25 3.18 23.88 64.91 8.03 24.67 67.04 8.29
ZM26 4.82 25.20 55.10 14.88 26.48 57.89 15.64
ZM27 1.19 21.23 29.56 48.02 21.48 29.92 48.60
ZM28 3.86 20.71 41.94 33.49 21.54 43.62 34.84
ZM29 0.27 16.04 35.83 47.86 16.08 35.93 47.99
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Samples that have high inherent moisture have a higher heating tendency, as discussed in
Section 2.2.1. Coal samples that have high ash content are in some cases liable to self-heat.
The ash content in the coal is known to reduce the tendency of coal to self-heat, but some
elements in the ash (iron, lime, soda compounds) might have accelerating effects, while
other elements (silica and alumina) produce an impeding effect (Coaltech Research
Association, 2011). This, therefore, means that the ash content is not a definitive indicator of
liability of coal to self-heat. A high ash coal is usually designated as one having an ash
content above 25% before washing and an ash content between (10 — 15)% after washing
(Schernikau, 2010) and majority of the 29 coal samples have high ash content. The Coal
Marketing International (2012) published the changes in coal properties as the coal changes
rank and states that Bituminous coal has a volatile matter content ranging between 22 — 31%
while (Schernikau, 2010) estimates 22 — 35% volatile matter. This means that majority of
the analysed 29 coal samples are likely to self-heat when using these guidelines.

Majority of the literature does not give standard values to classify ‘high or low’ volatile
matter, moisture or ash, therefore assumptions based on the results were utilised. The
proximate analysis results illustrated that when the volatile matter value is above 24%
(deemed high), the moisture value of that particular sample will be above 2% (deemed high)
and the ash content above 10% (deemed high). From the 29 coal samples tested, only 8 coal
samples (ZM1, 5, 9, 12, 17, 23, 25 and 26) had high moisture, volatile matter and ash all
together at once.
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Figure 22: Rate of oxidation and volatile matter content (Uludag, 2007)

There is a direct proportional relationship in most cases between the inherent moisture,
volatile matter and ash content, and from literature, all these factors may impact on
spontaneous combustion liability. Theory states that the volatile matter is vital when dealing
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4.2

with self-heating in coal. According to Uludag (2007), the rise in volatile matter increases
the O, consumption (Figure 22), which increases the reaction rate, which will lead to self-
heating of the coal. Thus, the 8 samples that are highlighted in Table 1 would be deemed
highly reactive in terms of self-heating.

CV and Sulphur Analysis

Sulphur content is one of the indicators used to predict the liability of a coal to self-heat.
Samples that have low sulphur content have low impurities and are not prone to self-heat,
therefore sample ZM12 has a high potential to self-heat (Table 2); Sample ZM12 has the
highest volatile content (Table 1) of all the samples and the highest sulphur content as well.
In fact, all the samples that have high volatile content also have high sulphur content except
for sample ZM25.

The classification of coal, according to Trus (2010), is that hard coal has a gross calorific
value greater than 23.865 MJ/kg and a mean random reflectance of vitrinite of at least 0.6.
Sub-Bituminous Coal has a gross calorific value of 17.435 — 23.865 MJ/kg and a mean
random reflectance of vitrinite less than 0.6. Lignite/Brown Coal has a gross calorific value
less than 17.435 MJ/kg and a mean random reflectance of vitrinite less than 0.6.

The 8 coal samples discussed in section 4.1 which had indicated a liability to self-heat
having high volatile, high moisture and low ash are also having the same indication in the
CV and sulphur results. All the 8 samples are having high CV and high sulphur, which was
the expected outcome from the results.

Section 4.7 (Table 13) discusses the interpretation of the results with regards to self-heating
liability in more detail.
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Table 2: Calorific Value and Sulphur content results

Samples CV (MJ/kg) Sulphur (%)
M| 27.02 2.290
ZM?2 16.19 1.110
ZM3 18.65 1.400
ZM4 19.62 1.160
ZM5 26.24 1.470
ZM6 22.25 1.810
M7 17.04 0.290
7ZM8 25.22 0.891
ZM9 21.55 1.620
ZM10 17.72 0.915
M1 1 16.89 1.250
ZM12 25.97 2.660
ZM13 17.62 2.400
M 14 6.47 0.229
ZMI15 17.98 0.355
ZM16 12.85 0.862
ZM17 22.99 1.730
ZM18 16.51 1.450
ZM19 19.49 0.273
ZM20 15.01 0.446
ZM21 13.42 0.714
ZM?22 5.85 0.804
ZM23 24.02 0.812
ZM24 17.75 0.862
ZM25 26.26 0.700
ZM?26 23.06 1.620
ZM27 12.73 0.867
ZM28 16.26 0.600
ZM29 15.00 0.647
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4.3

Petrographic Analysis

Table 3: Petrographic analysis results

Petrograph
Mean maximum Total o ..

reflectance of Reactive | Vitrinite TSpiiite | JHEeiaie

Samples g Content Content
vitrinite % Macerals (vol%) = e

(calculated) (vol%) {ealis) (vt}
M1 0.74 66 54 5 35
M2 0.78 22 8 6 48
ZM3 0.69 40 29 6 39
ZM4 0.67 44 25 6 48
ZM5 0.66 59 40 6 47
ZM6 0.70 40 19 4 60
M7 0.72 33 16 3 51
M8 0.74 47 27 4 60
ZM9 0.69 62 48 8 24
ZM10 0.73 37 23 4 45
ZM11 0.69 27 12 3 53
ZMI12 0.68 C 74 > 60 7 27
ZM13 0.70 T 33 4 35
ZM14 0.78 15 9 2 25
ZM15 0.85 31 14 4 52
ZM16 0.75 24 13 3 42
ZM17 0.67 57 41 7 40
ZM18 0.72 34 21 2 34
ZM19 0.76 35 13 2 63
ZM20 0.79 28 14 2 46
ZM21 0.75 34 20 4 37
ZM22 0.63 16 11 2 11
ZM23 0.68 53 40 4 45
ZM24 0.67 44 36 3 30
ZM25 . 120 2 29 19 4 77
ZM26 0.63 45 29 8 63
ZM27 0.65 68 47 C17 Y 36
ZM28 0.61 36 28 5 67
ZM29 0.99 60 35 2 43

According to Hackley et al., (2008), the mean maximum reflectance ranging between 0.54-
0.95 % indicates the coal rank of high volatile bituminous. This seems to be the case with all
the coal samples analysed (Table 3); all the samples have a mean maximum reflectance of

above 0.6% and 18 coal samples have volatile matter content above 20%.

Sample ZM12 reports the highest total reactive macerals, which is another potential
indication that this sample is liable to self-heating. The mean random reflectance of vitrinite
is consistent through all the samples, all being Medium ranked bituminous coals, apart from
sample ZM25; this sample falls into the High rank bituminous coal category, and may be
therefore less likely to self-heat. Sample ZM27 is the only sample with liptinite content

above 10%.
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4.4

4.4.1

Self-heating Test: TGA
Ignition Test

Table 4 numerically displays the derivative slopes obtained at different temperature ramps
from derivative curves (example in Figure 21), which are then combined and plotted into a
graph (Figure 22) in order to obtain Rzgraph and Rcaicuated. All 5 derivative mass slopes (3°C,
5°C, 7°C, 10°C and 20C°) are required in order to calculate the TG, Index. The
thermogravimetry spontaneous combustion index (TGspc Index) is calculated using Rzg,aph
and Rzcalculated-

Table 4: Five different temperature ramps (%/min) used to determine the derivative curve slopes

Temperature Ramps °C/min
Samples
3 5 7 10 20
M1 0.004256 0.009946 0.012670 0.019770 0.067020
M2 0.004042 0.009143 0.014810 0.021240 0.059220
ZM3 0.001132 0.005416 0.022280 0.046650 0.147000
M4 0.004433 0.008328 0.012830 0.027660 0.069850
ZM35 0.002533 0.005877 0.013290 0.041550 0.133100
ZM6 0.004769 0.008312 0.020580 0.027710 0.110800
M7 0.005342 0.008725 0.016010 0.028280 0.077100
M8 0.005904 0.011800 0.021400 0.037600 0.098200
M9 0.003166 0.005878 0.017500 0.033580 0.104800
ZM10 0.005967 0.009623 0.015940 0.029390 0.075190
ZM11 0.004516 0.008896 0.014740 0.028380 0.070180
ZM12 0.003189 0.005220 0.014920 0.033860 0.093750
ZM13 0.003838 0.007690 0.014270 0.029940 0.079450
ZM14 0.001223 0.003775 0.007051 0.008845 0.040490
ZM15 0.002916 0.006087 0.009402 0.018430 0.047170
Ml16 0.002308 0.006863 0.013530 0.019020 0.071270
M17 0.005108 0.011340 0.015600 0.036600 0.101400
ZM18 0.005639 0.009254 0.015540 0.029020 0.070580
ZM19 0.005540 0.012120 0.018820 0.028110 0.071510
ZM20 0.003350 0.006816 0.012770 0.021880 0.058170
ZM21 0.001690 0.005445 0.012110 0.02060 0.06096
ZM22 0.002765 0.005235 0.010110 0.021140 0.054450
ZM23 0.001919 0.010070 0.013800 0.027660 0.086270
ZM24 0.001505 0.006634 0.008190 0.020360 0.058970
ZM25 0.005122 0.015440 0.018420 0.042410 0.116300
ZM26 0.009476 0.019210 0.030540 0.049340 0.124600
ZM27 0.005265 0.011410 0.016160 0.024430 0.064050
ZM28 0.001780 0.006773 0.010500 0.029870 0.082560
ZM29 0.004742 0.008402 0.020130 0.027440 0.089890
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Figure 23: ZM28 Derivative weight curve at different temperature ramps (%/min)

Figure 23 illustrates that an increase in temperature ramp increases the reaction, and the

reaction is quickest at 20°C/min.
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Figure 24: ZM 28 Slope of derivative weight curves
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The slopes of linear segment are obtained from the circled points in the graph in Figure 23;
they are used to obtain the Rzgraph from the derivative weight curve. All five slopes of linear
segment from the different heating ramps are then plotted into a graph (Figure 24) and used
to obtain are Rzgraph. chalculated is obtained using Equation 13, using the slopes of linear
segment from the graph, which divides the slopes of linear segment from Table 4 by the
temperature ramps to obtain new (calculated) slopes of linear segment. The calculated slopes
of linear segment are then plotted into a graph (Figure 25) to obtain chalculated.

Table 5: TGy, Index values for all coal samples

Samples Graph Calculated TGy Index
R2 R2
M1 0.9682 0.9227 0.0455
ZM2 0.9893 0.9244 0.0649
ZM3 0.9868 0.9320 0.0548
ZM4 0.9890 0.9296 0.0594
ZM5 0.9754 0.9580 0.0174
ZM6 0.9626 0.9517 0.0109
ZM7 0.9883 0.9656 0.0227
M8 0.9932 0.9477 0.0455
ZM9 0.9838 0.9507 0.0331
ZM10 0.9901 0.9501 0.0400
ZM11 0.9934 0.9311 0.0623
ZM12 0.9868 0.9154 0.0714
ZMI13 0.9898 0.9407 0.0491
ZM14 0.9520 0.9372 0.0148
ZMI15 0.9916 0.9493 0.0423
ZM16 0.9708 0.9561 0.0147
ZM17 0.9834 0.9496 0.0338
ZM18 0.9926 0.9245 0.0681
ZM19 0.9947 0.9098 0.0849
ZM20 0.9928 0.9463 0.0465
ZM21 0.9904 0.9252 0.0652
ZM22 0.9908 0.9237 0.0671
ZM23 0.9834 0.9209 0.0625
ZM24 0.9835 0.9169 0.0666
ZM25 0.9847 0.9104 0.0743
ZM26 0.9947 0.9569 0.0378
ZM27 0.9912 0.9298 0.0614
ZM28 0.9863 0.9106 0.0757
ZM29 0.9786 0.9261 0.0525
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As previously discussed in section 2.3.8, the derivative weight loss was linked with each
heating rate to help determine how changes in temperature affect the coal reactivity. Coal
samples were classified in terms of their propensity to react with air, on condition to the
changes in temperature (Marinov, 1977; Earnest, 1988). The TG, index was formed
based on this theory by Avila (2012).

Samples with a high TGy, index are prone to self-heat if their O, adsorption mass increase
values are low (Avila, 2012). The 8 highlighted samples (Table 5) showed correlation with
the coal characterisation analysis (total reactive macerals, sulphur, volatile matter, gross
calorific value) in the ignition test results. However, looking at the TGy, index values only
(Table 5) was not enough to predict the liability of the coal to self-heat; therefore one had
to take into account all the information that could be derived from the TGA method, such
as mass increase, peak temperature and coal reactivity (Marinov, 1977; Earnest, 1988).

The known high reactive coals samples were ran through the TGA by Avila (2012) and
resulted amongst the highest TGgp index values and the known low reactive coals resulted
amongst the lowest TG index values. The results correspond with the data relating to
spontaneous coal fires caused by the coals. The results also agreed with other experimental
tests carried out such as the crossing point temperature test and rank analysis. This
correlation of results led to the outcome of the guidelines set by Avila (2012) in Table 6.

High Reactive - 0.070 >
Reactive < 0.036 — 0.069
Less Reactive : 0.030 - 0.035
™ High Reactive  Reactive Not Reactive : 0.020 — 0.029
Less Reactive ® Not Reactive
" Unreactive
Unreactive g 0.00-0.019

Figure 26: Coal Sample Reactivity using the TGspc Index  Table 6: Coal Reactivity Guidelines
as a guideline set by Avila (2012) (Avila, 2012)

Figure 26 illustrates the reactivity of all the coal samples used in this project. The coal
reactivity guidelines (Table 6) indicates that only 4 samples (ZM 5, 6, 14 and 16) from the
total of 29 samples will not self-heat as they have a TGspc Index value between 0.000 —
0.019, which is deemed unreactive by the coal reactivity guidelines. However, not all these
samples fully agree with the coal characteristic analysis (total reactive macerals, sulphur,
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4.4.2

volatile matter, gross calorific value) prediction, as illustrated in Table 7. From theory one
expects samples that have high total reactive macerals, high volatile matter, high sulphur,
high ash and high moisture content to self-heat, and samples ZM5 and ZM6 TG, index
results are not in agreement with these facts. Guidelines for all the self-heating
determination tests performed and coal characteristics analysis are further discussed in
section 4.7 (Table 13), gives values to ‘high’ and ‘low’ terms to the coal characteristics
analysis.

Samples ZM14 and ZM16 coal characteristics data indicate that they are not likely to self-
heat and the TG, index agrees fully with the data. The TGA method results indicate that
the rest of the samples are liable to self-heat, but at different reaction rates.

Table 7: Agreement of guidelines with all the petrography and proximate analysis

Agreement with
Analysis . Total
(Total Reactive Reactive | Moisture Volatile Ash cv Sulphur
Samples Maceral, Macerals (%) Matter [d.b] [d.b] (MJ/kg) (%)
Moisture, VM, (%) (%) (%)
Ash,CV &
Sulphur )
ZM5 Poor 59 2.6 27.6 10.7 26.24 1.47
ZM6 Poor 40 1.9 22.4 21.7 22.25 1.81
ZM14 Very Good 15 2.3 15.0 62.0 6.47 0.23
ZM16 Very Good 24 2.4 18.5 449 12.85 0.86
O, Adsorption

Avila (2012) stated that according to the theoretical reaction mechanism, highly reactive
(liable to self-heat) coals are expected to show the highest weight gain, due to a potential
‘affinity’ to absorb oxygen.

However, after the experimentation Avila (2012) showed that, when a weight increase
occurs following exposure to O,, it was considered an endothermic stage in which O,
molecules were adsorbed on the coal surface forming coal-oxygen complexes. However, at
early stages (below 100°C) the adsorption reaction was masked by water desorption.
According to the mechanism, the adsorption reaction was also restricted by the temperature
range and the availability of reactive sites. The last stage was controlled by available free
active sites, created by desorption of water molecules from the coal surface. This somehow
explained the variances for the different coals samples during the TGA experiments, and the
weight increase above 100°C.

When there was no weight increase, or little weight increase, it was regarded as desorption
of water molecules. This was considered to be an exothermic reaction, which generates the
majority of the heat responsible for the overall temperature rise in the coal sample. This
reaction was also restricted by temperature range, depending on the stability of the complex
solids formed. Coals prone to spontaneous combustion experienced a problem with water
desorption when the coal-oxygen complexes headed the entire process. The stability of the
solids complex was critical since the desorption reaction was fundamental. Less stable solid
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complexes were desorbed at low temperatures, thus reacting exothermally with the oxygen
gas to produce CO, H,O and CO,, which increased the temperature around the particles and
finally increased the rate of the reaction (Wang, 2002). On the other hand, when the solids
complexes formed were stable, the temperature range was wider and the peak temperatures
were higher, producing a higher weight increase and a lower rate of reaction.

Samples that had a low mass increase tended to have a low initial and peak temperature (as
previously explained in Figure 20), because the reaction rate occurred swiftly and there was
no time for build-up; and these samples were liable to self-heat. Samples that had a high
mass increase took a long time to react and this created the build-up hence the high peak
temperature; these types of samples had a low reactivity and were less to self-heat.
However, if these coals are not managed properly they may still self-heat over long periods
of time and under unfavourable conditions.

As previously discussed, the TGA O, adsorption results are obtained from the O, adsorption
graph, as illustrated in Figure 27. The initial and peak temperature can be read off and the
mass increase is obtained from the circled area on the graph. All the raw data is included in
Appendix B.

265.19°C
100

\ 2.190%
o5 S

120.28°C

90

o 100 200 300 400 500
Temperature (°C) Universal V4 .7A TA Instruments

Figure 27: Sample ZM1 - O2 Adsorption graph illustrating the weight increase at 3°C/min
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Table 8: O, Adsorption - weigh increase at different temperature ramps

Total Weight Increase (%)
3°C/min 5°C/min 7°C/min 10°C/min 20°C/min
ZM1 2.190 1.849 1.672 1.501 1.116
ZM2 1.604 1.406 1.352 1.307 1,159
ZM3 1.896 1.640 1.606 1.565 1.350
ZM4 1.840 1.705 1.564 1.506 1.169
ZM5 2.551 2.469 2.266 2.123 1.770
ZM6 2.168 1.983 1.852 1.654 1.413
ZM7 1.844 1.708 1.625 1.572 1.340
ZM8 2.434 2.362 2.278 2.089 1.672
ZM9 2.033 1.955 1.835 1.640 1.307
ZM10 1.379 1.443 1.332 1.246 0.889
ZMI11 1.417 1.265 1.208 0.994 0.836
ZM12 1.850 1.570 1.534 1.294 0.970
ZM13 1.336 1.295 1.224 1.094 0.831
ZM 14 0.319 0.645 0.605 0.577 0.495
ZMI15 1.490 1.444 1.384 1.341 1.124
ZM16 0.890 0.812 0.808 0.738 0.590
ZM17 1.691 1.636 1.413 1.388 1.064
ZM18 0.832 1.031 0.635 0.888 0.679
ZM19 1.585 1.470 1.324 1.232 0.986
ZM20 1211 1.021 0.988 0.896 0.714
ZM21 0.945 1.001 0.953 0.868 0.666
ZM22 0.223 0.542 0.541 1.192 0411
ZM23 1.496 1.501 1.239 1.228 0.904
ZM?24 15117, 0.896 0.937 0.877 0.661
ZM25 1.934 1.672 1.570 1.378 0.987
ZM26 1.552 1.369 1.331 1.139 0.841
ZM27 0.700 0.611 0.536 0.474 0.354
7ZM28 0.345 0.369 0.326 0.204 0.056
ZM29 1.531 1-325 1.358 1.243 0.883

The mass increase values (Table 8) indicate the reactivity of the coal; these results do not
correspond with the TGy index. Samples ZM14 and ZM16 had low TGy, indices, which is
an indication of low liability to self-heat, but they have low mass increase values as well and
this is opposite of what was expected. Literature states that a low mass increase means that
the coal is highly reactive which should results in a high TGy, index due to desorption of
water molecules thus causing an exothermic reaction (Avila, 2012).

All Samples (ZM 14,16, 18, 21, 22, 27, and 28) which had a mass increase less than 1%
(regarded as low) indicate a high liability in the coal to self-heat and the TGy, index
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correlated with these results, as all coal samples had high TGy, index of above 0.06, except
for sample ZM14 and ZM16 (Table 5). The two samples had low TGy indices of 0.0147
and 0.0146 and these values fall within the ‘Unreactive’ range according to the guidelines in
Table 6.

The 8 samples, previously discussed, indicated liability to self-heat in the coal
characterization results but had very high ‘mass increase’ results in the O2 adsorption test,
which showed no correlation with the analytical data.
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Figure 28: O, Adsorption - Weight Increase at different temperature ramps

The different temperature ramp rates produced different results pertaining to weight
increase, with 3°C/min ramp rate consistently producing the highest values (Figure 28). The
results correlate through all the temperature ramps (Figure 28), but the results in the 3°C/min
temperature ramp are more sensitive giving the maximum adsorption rate.
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Table 9: Sample Reactivity using initial and peak temperatures at different temperature ramps

Initial and Peak Temperature at different Temperature Ramps (°C)

3°C/min 5°C/min 7°C/min 10°C/min 20°C/min
Initial | Peak | Initial | Peak | Initial | Peak | Initial | Peak | Initial | Peak
Temp | Temp | Temp | Temp | Temp | Temp | Temp | Temp | Temp | Temp
ZM1 120 265 136 274 145 277 158 287 161 298
ZM2 117 283 135 291 137 298 148 306 152 321
ZM3 126 272 138 280 140 289 148 295 150 312
/M4 127 276 130 285 140 291 147 301 1577 312
ZM5 118 267 116 281 122 286 134 294 152 306
ZM6 130 274 122 281 140 286 147 293 148 305
ZM7 117 278 123 290 132 296 131 305 150 320
ZM8 124 277 128 288 134 296 145 302 156 317
ZM9 134 268 141 279 150 286 155 294 164 305
ZMI10 [ 138 278 141 287 146 293 150 301 166 316
/M11 129 280 141 289 141 296 154 302 167 320
M12 140 265 147 278 151 284 160 290 173 300
M13 132 271 141 283 151 290 158 296 174 309
/M 14 172 272 162 291 164 296 169 306 176 321
ZM15 124 281 140 290 149 298 158 309 164 322
/M16 142 279 150 287 161 297 167 304 171 320
ZM17 148 275 149 284 156 293 160 303 173 315
/M18 165 272 158 284 149 284 163 299 179 311
ZM19 | 136 284 142 293 151 301 156 309 175 322
ZM20 | 133 283 145 292 154 300 161 309 177 322
ZM21 149 276 149 289 154 295 157 303 166 316
ZM22 144 265 135 282 155 288 161 298 185 314
7ZM23 143 275 143 284 155 289 166 300 183 310
ZM24 | 132 270 141 280 144 288 156 299 162 312
ZM25 144 273 147 285 154 292 169 299 175 313
ZM26 | 140 271 153 278 156 288 166 292 184 306
ZM27 | 148 271 160 276 166 287 183 293 198 306
ZM28 | 155 267 169 268 176 274 183 275 179 283
ZM29 | 149 320 164 334 167 341 165 347 192 363

The values provided in Table 9 are obtained from the O, adsorption graphs such as Figure
20 & 27. The coal reactivity is based on the initial and peak temperatures, TGgp. index and
mass increase results. The assumption drawn from the results is that the higher the
temperature difference (Peak — Initial) of a coal sample, the lower the mass increase and the
lower the TGy index, then the less prone the coal sample is to self-heat (less coal
reactivity). However, this assumption is not applicable to all the coal samples, because some
coals begin to react at a later stage/ higher temperature.
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4.5

The lowest peak temperature from all the 29 coal samples is 265°C and three samples ZM
(1, 12 and 22) share this value. All three coal samples have high TGy indices (Table 5) of
0.0455 (reactive), 0.0714 (high reactive) and 0.0671 (high reactive). The mass increase of
ZM12 and ZM22 were below 1% (low), while the mass increase of ZM1 was 2.19% (high).
The two samples (ZM12 and ZM22) from the three were classified as having high coal
reactivity, therefore liable to spontaneously combust. For samples such as ZM1 that did not
fall within the guidelines fully, required the coal petrography and characterisation analysis to
shed more light. Further guidelines including the coal and characterisation analysis are
discussed in 4.7 Table 13.

Overall guidelines to help interpreting the results (Prone = liable to spontaneously combust)
These guidelines can be used in conjunction to help predict the liability of a coal to self-heat,
if all the data obtained from the spontaneous combustion liability tests corresponds with the
descriptions below, then a prediction can be concluded.

Prone Not likely
Mass increase: low high
TGspc Index: high low
Peak temp: low high
Coal Reactivity high low (construed from the three components)

Smith-Glasser Test

In the Smith-Glasser test, coal samples that are liable to self-heat exhibit the highest rise in
the oil in the pipette, thus having a higher O, absorption rate. The results always give the
same conclusion whether they are displayed as the O, absorption rate or as the rise in oil
(Figures 29 and 30). In both graphs, ZM12 is more liable to self-heat than the rest of the
samples.

The O, absorption rate decreased towards the end in Figure 29 due to the long duration of
the test, unlike in Figure 30 where the oil height had increased showing coal reactivity. The
O, absorption rate is time dependent and will reduce as the time increases. The results,
however, between Figure 29 and 30 still give the same outcome because we are able to see
that ZM12 is the most reactive and that ZM 26 is the least reactive.

The coal samples took longer to react in this particular experiment due to five tests being run
simultaneously in the same water bath. Previous tests using the same sample reacted quicker
when run alone in a smaller water bath. The O, absorption rate was higher in the previous
tests due to a shorter duration because of the faster coal reactivity. The O, absorption rate is
highly dependent on the duration; the longer the duration of the test the lower O; absorption
rate as seen in the current tests. The temperature does not play a role in this experiment as
the water bath was kept at a constant temperature of 40°C. Conversely, some coal samples
take longer to react and require a longer duration (48 hours). Some samples began reacting
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after 24 hours, thus proving that the longer the samples remains in the water bath gives it
more chance to exhibit if it will self-heat.

Sample ZM 1, 26, 17, 12 were tested together and have the same times, hence they are
displayed together in Figure 29. All the results can be viewed in Appendix C.
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Table 10: Samples - ZM12, 17, 01, 26 Smith-Glasser results

kmole O,
Samyples Volatile Matter Reactive Cv Highest Rise | absorbed per Kg
(%) Macerals (%) (KJ/kg) in oil (ml) coal

(kmole/min.kg)
ZM12 34.15 74.00 25.97 18 0.0215
ZM17 24.82 57.00 22.99 17 0.0183
ZMO1 31.00 66.00 27.00 8.2 0.0058
ZM26 26.48 45.40 23.06 4.7 0.0081

Sample ZM12’s proximate analysis, petrography results, CV results (Table 10) fully agree
with the Smith-Glasser O, absorption results. The analysis proves that this sample will
oxidize quicker than the three other samples. All the samples in Figures 29 and 30 will
oxidize and react and are liable to self-heat, some will spontaneously combust quicker than
others, but they will all spontaneously combust if not managed effectively.

Sample ZM17 has a lower volatile matter and CV compared to the other two samples (ZM
01 & 26), but has a higher absorption rate because it reacted quicker than the other two
samples. The absorption rate is heavily dependent on the time the reaction occurred, ZM 17
reached its highest absorption rate at 19 hours and 10 minute at an oil reading of 10.5ml
(whilst its highest oil height is 17ml, but this occurred at a later stage, which caused the
absorption rate to drop). Hence, coal can react at different rates, and the reaction rate can
slow down, but the overall O, adsorption can continue to increase.

Table 11: Oil height and O, Rate results for all samples

Highest Oil Reading kmole O, absorbed per
Samples (ml) Kg coal
(kmole/min.kg)
M1 8.20 0.0058
ZM2 0.00 0.0000
ZM3 4.90 0.0038
ZM4 320 0.0058
ZMS5 1.10 0.0018
ZM6 0.20 0.0002
ZM7 0.70 0.0010
ZM8 2.285 0.0035
ZM9 5.90 0.0098
ZM10 0.50 0.0009
ZM11 0.40 0.0006
ZM12 18.00 0.0215
ZM13 7.60 0.0058
ZM14 1.85 0.0027
ZM15 1.00 0.0018
ZM16 3.70 0.0027
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4.6

ZM17 17.00 0.0183
ZM18 0.70 0.0012
ZM19 3.00 0.0021
ZM20 0.70 0.0013
ZM21 11.50 0.0086
ZM22 0.00 0.0000
ZM23 16.70 0.0116
ZM24 7.80 0.0056
ZM25 8.85 0.0062
ZM26 4.70 0.0081
ZM27 0.00 0.0000
ZM28 1.80 0.0014
ZM29 0.75 0.0012

The oil reading gives the reactivity of coal’s intensity to self-heat. Some coals have a lower
oil reading, but may still be liable to self-heat as the very reactive coals because if they are
left long enough under the right conditions they may well self-heat. The reaction time of the
coal is key, because it dictates the outcome of the O, absorption rate as can be seen in
sample ZM 5 and ZM18; where ZM 5 had a higher oil height but due to a longer reaction
time had the same absorption rate as sample ZM18 which had a lower oil height and shorter
reaction time.

The coal samples ZM (1, 5, 9, 12, 17, 25 and 26) in this test also indicated that the coal
samples have the propensity to self-heat; this was in agreement with the petrography and
proximate analysis data discussed already. Five other samples highlighted in blue are
showing liability to self-heat in this test.

Quality Assurance Results and Discussion

It is always advisable to perform a repeatability test when performing test work to validate
the quality of the work done.

The ignition tests were performed and both tests had excellent repeatability results, Figure
29 and 33 Rzgmph values have a difference of 0.0061 and Figure 32 and Figure 34 B
values have a difference of 0.0032. The repeatability was poor for the other two coal
samples (ZM27&28) that were repeated, this could have been contributed by many
instrument factors such unstable buoyancy forces, and turbulence effect arising from a gas
flow (Czarnecki, 2000) that would not be evident while conducting the tests. This creates a
need for further tests to be performed.
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Figure 33: ZM9 Repeat Rzg,aph

Three samples were repeated, which means a total of 15 runs had to be redone in order to
obtain the slopes of derivative curves; the repeatability results can be viewed in Table 12
and 13. The repeatability tests for the TGA method illustrated that there was a significant
variation in the results, as can be expected from any test, when tests are repeated. ZM 28 and
ZM 29 showed less repeatability when compared to ZM9 which had a lower TG Index
difference from the two tests run. Even though the repeatability results were not excellent,
the results still gave the same meaning because for ZM27 both results according to Table 6
are highly reactive. For ZM28 the meaning slightly changed as the 1* test classified the coal
as ‘highly reactive’ whilst the 2™ test classified it as just ‘reactive’ but in the end the same

conclusion for the coal sample was made.
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Table 12: TG,,. Index Repeatability

Samples TGy Index
Ist Test | 2nd Test Difference
ZM9 0.0331 0.0360 0.0029
ZM28 0.0757 0.0400 0.0357
ZM27 0.0614 0.0837 0.0223

In the O, adsorption test, there was also a slight difference in the O, adsorption mass
increase results between the 1% and 2™ test, as shown in Figures 35 and 36. The initial and
peak temperatures are very close between the two. There is a 0.192% mass increase
difference between the two tests. The results still give the same meaning even with the slight

difference.
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Figure 35: ZM9 O, Adsorption 1st test
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Figure 36: ZM9 O, Adsorption 2nd test

The mass increase results between the two O, adsorption tests (Figures 35 and 36) indicate
the same reactivity of the coal, meaning the main objective of the repeatability tests has been
achieved.
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There was a noticeable difference in the Smith-Glasser repeatability test’s reaction times in
all the tests, but the samples all gave the same conclusion after 48 hours (Figure 37).

%kError Calculation
Error (%) calculations are performed to help gauge the quality of the results, there is always
errors in research and it is important to know the extent of errors in the results. The

following formula in equation 15 was used to calculate the %error of the repeatability tests:

measured value—actual value

%Error = «100 ...... Equationl5 (Shubert et al., 2013)

actual value

The measured value was the difference from the two repeatability tests ([test 1 — test 2] or
[test 2 — test]], depending on the bigger value since error needs to be positive), which is also
known as the error. The actual value is the mean average a representation of all the samples.
The % error was then calculated using equation 15, the actual value being the mean average.
The results in Table 13 showed the concerning large standard deviation (STDEV) for
samples 27 and 28 (due to the little number of repeatability tests run and large %error).

Table 13: Repeatability Samples %Error

Standard . o
Samples L5y “0H Mean | STDEV Error Diffesenc “
Test Test (SE) (Error) Error
M9 0.0331 | 0.0360 | 0.03455 | 0.002051 | 0.00145 0.0029 8.39
ZM27 0.0614 | 0.0837 | 0.07255] 0.015768 | 0.01115 0.0223 30.74
ZM28 0.0757 | 0.0400 | 0.05785 | 0.025244 | 0.01785 0.0357 61.71
Standard Error (SE)

Calculations of the standard error (SE) were performed, which is the standard deviation of a
sample mean that indicates by how much the sample mean can be expected to differ if other
samples from the same population are used (Fraenkel et al., 2014). The following formula
was used to calculate SE:

SR =t T Equationl6 de Beer (2006)

The standard errors results in Table 13 were also high, which gave an indication that the
%error would also be high.

Confidence Limits (CL)

Confidence limits for the mean (Snedecor et al., 1989) are an interval estimate for the mean.
Interval estimates are often wise to have because the estimate of the mean varies from
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sample to sample. A confidence interval generates a lower and upper limit for the mean. The
interval estimate was used to give an indication of how much uncertainty there was in the
estimate of the true mean (value). The narrower the interval, the more precise the estimation
would be.

Level of Confidence (LOC) are Confidence Limits (CL) expressed in terms of a confidence
coefficient. Although the choice of confidence coefficient is random, in practice 90 %, 95 %,
and 99 % intervals are often used, with 95 % being the most commonly used.

tQ.05 =5

CL: p=*% e sdevdREe AR AR AARES R R AR A Equation17 de Beer (2006)

¥n

Where:

u = interval of the true value
t = t-values at 95% LOC

S = standard deviation

* = mean value

n= number of samples

Confidence Interval (CI)

Confidence Interval is the range of values of the true value in the population that is expected
to fall within, based on the study results (the set of all possible values). A range around p
was required and obtained as follows:

t0.05«5

Cl: *— <p<tE S/ Equation17 de Beer (2006)

yn wvn

Relative Standard Deviation (RSD)

The precision test called the relative standard deviation (RSD) was added, which was used
to give an indication of the precision of the results. A value of <2% for the %RSD is usually
considered an acceptable measure of good precision. This was not the case in the
repeatability test results, as can be seen in Table 14. The RSD was calculated as follows:

...................... Equation18 de Beer (2006)

Table 14: Relative Standard Deviation for all three repeatability samples

Samples %RSD
ZM9 5.94
ZM27 21.73
ZM28 43.64
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All the repeatability coal samples had a high RSD, which was not a good indication to the
precision of the test. This was a very serious concern.

T-test

The #-test are used to compare a sample mean to an accepted value (a population mean), or
to compare the means of two sample sets. The t-test consisted of three steps:

¢ Defining the null and alternate hypotheses,

e C(Calculating the t-statistic for the data,

e Comparing tealculated (teaic) to the tabulated teriticar (terit), for the appropriate significance
level and degree of freedom. If teae > teri, We rejected the null hypothesis and
accepted the alternate hypothesis. Otherwise, the null hypothesis was accepted.

X—po

SHn

laim—  coinnicion Equation19 de Beer (2006)

When one deals with the hypotheses, one needs to establish whether the two sets of
measurements are drawn from the same, or different populations. A hypothesis statement

(H) is proposed:

Null Hypothesis Hy: tcaic > teric rejected
Alternate Hypothesis Hy: teaie < terit

The t.i values were obtained from the t-distribution table (de Beer, 2006) and various
statistical tables. The calculated t-value was compared to a critical t-value, which is a
function of n, the number of analytical measurements made, as well as the degrees of
freedom (DF)

terit = tor (DF =n-1)

The null hypothesis were tested on all three LOC (80, 90, 95)%.

Table 15: ZM9 CI, t.,;; and t, values for the t-test method at different confident levels

LOC 80% 90% 95%
terit 3.078 6.314 12.706
2 5 |B»H 0.039 0.044 0.053
N ) 0.030 0.025 0.016
tcal 23.828
Reject if tcal>tcrit | tcal>tcritical ‘ tcal>tcritical | tcal>tcritical

The results in Table 15; showed the confidence of interval to range between 0.016 — 0.053
for the 95% confidence level. This meant that the mean value for this sample (0.03455) was
well within the confidence of interval range. The t., value, however, was bigger than t.; and
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therefore rejected by Hp, which meant the method could not be deemed accurate in all
confidence levels.

Table 16: ZM27 CI, t.,; and t., values for the t-test method at different confident levels

LOC 80% 90% 95%
terit 3.078 6.314 12.706
~N 5 B (+) 0.107 0.143 0.214
8 i () 0.038 0.002 -0.069
tcal 6.507
Reject if tcal>tcrit |  tcal>tcritical tcal>tcritical I tcal<tcritical

Table 16 and 17 showed that the mean average of the samples would also fall within the
confidence of interval range; the negative values meant that the range would begin from
zero. The Hy rejected the t., value when calculated under the 80% and 90% LOC but was
accepted by Hy when calculated under the 95% LOC.

Table 17: ZM28 CI, t . and t., values for the t-test method at different confident levels

LOC 80% 90% 95%
terit 3.078 6.314 12.706
X = M (+) 0.113 0.171 0.285
2 H(-) 0.003 -0.055 -0.169
tcal 3.241
Reject if tcal>terit | tcal>teritical | tcal<tcritical | tcal<tcritical

The t-test results further emphasized that the repeatability tests were not accurate and all the
calculations (%error, standard error and RSD) conducted gave the same conclusion. A low
amount of repeatability samples were run and this was a huge cause for the %error of the
repeatability data to be poor. A rectification suggestion is given in the recommendations.

Comparison of Results

Both test methods (TGA and Smith-Glasser) were compared against the additional analytical
analysis performed using the guidelines in Table 18 to establish the coal’s reactivity and
liability to self-heat. The summary of the comparison between the two test methods can be
observed in Table 19. The coals are ranked from highly reactive (coals that are most liable to
self-heat) to unreactive coals (coals that are most likely not liable to self-heating).

The results from the summary reveal that both tests do not correlate accurately with the
analytical data. The spontaneous combustion liability tests results improve when one
analyses the meaning behind the results; e.g. when a coal is ‘reactive’ according to the
analytical results but yields a ‘less reactive’ result from the spontaneous combustion liability
tests, then the overall conclusion on this coal is that it will eventually react (at different
rates).

61



Table 18: Guidelines to help interpret the results regarding the reactivity of the coal

Total Volatile Mass Peak nghest
, Sulphur CV Oil
Reactive (%) Matter (MJ/kg) Increase Temp TGspe Index Readin
Macerals ’ (%) S () (°C) p—
(ml)
High
Reactivity 55> 2.0> 24> 23> 0-0.2 270< 0.070 7>
Reactive 35-54 1.5-1.9 20-23 17 -22 02-0.6 | 271-280 | 0.036-0.069 1-6
Less
Reactive 20-34 08-14 17-19 11-16 0.7-1.1 | 281-300 0.030-0.035 | 0.5-0.9
Not
Reactive 1-9 0.4-0.7 1-12 5-10 1.2-1.7 ] 301-310 § 0.020-0.029 | 0.1-04
Unreactive 0-9 0.0-0.3 0-12 0-4 2> 311> 0.000 - 0.019 0.0

The guidelines were assumed using the overall analytical and test results. The results do not
fully agree with the guidelines on certain coal samples, but do manage to give an idea on the
reactivity of the coal sample being tested. An overall liability to self-heat prediction for the
29 coal samples is given in Table 21.

Table 19: Summary of the comparison between the two test methods

TGA Smith-Glasser
Accurate correlation on both Petrography and Coal
Characterization Analysis (match with two or more 9 (31%) 11 (38%)
analysis components)
Accurate correlation with either Petrography and Coal
Characterization Analysis (match with one or more 25 (86%) 22 (76%)
analysis components)
Accurate correlation between TGA and Smith-Glasser 7 (29%)
Tests [ZM1,3,4,8, 15, 19 & 26]
Correlation, reaction at different times, between TGA and 17 (59%)
Smith-Glasser Tests (match with two or more TGA [ZM1,3,4,8, 9,10, 12, 13, 15, 19, 20,
components) 22,24,25,26,27, & 29]

The summary of the results in Table 19 were obtained from the data in Table 20, where all
the analysis results were taken into consideration in order to obtain a conclusion. When one
focuses on the correlation of the results between the two self-heating liability determining
test and the petrography and coal characterisation analysis; the Smith-Glasser test method
has slightly better correspondence with the analytical data as when compared with the TGA
method. However, the TGA method’s correlation improves when the overall reactivity of
the coal samples is studied. When one focuses on the overall definition on whether the coal
is liable to self-heat by matching the TGA results with one or two coal characteristics (Table
20), then the TGA results generate better results (86%).

The 59% correspondence between the two test methods was obtained by not looking at the
reaction rate of the coal but by checking if the coal will self-heat in general. So, when the
TGA method has a ‘less reactive’ result against the Smith-Glasser method that has a ‘high
reactive’ results (like in ZM9 and ZM19 samples) then these results correspond on the basis
that they will both self-heat at different reaction rates, but they will self-heat eventually.
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Table 20: Comparison between the two self-heating liability determining test methods against the coal analytical data

Petrography Coal Characterisation TGA Smith-Glasser
T | Total | Volatile » v | MassIncrease (%) y Pk y __ [emal]
Reactive Reactivity Reactivity Reactivity Reactivity E Reactivity |temperature(°C)| Reactivity | Tspcindex | Reactivity | Reading Reactivity
%S Matter (%) (MJ/Kg) at 3°C/min

Macerals (%) at 3°C/min (ml)
M1 66.0 High Reactive | 2290 |HighReactive| 31.00 High Reactive 27.0 High Reactive 2.190 High Reactive 265 High Reactive 0.0455 Reactive 8.20 High Reactive
IM2 220 1.110 19.11 16.2 1.604 Reactive 283 0.0649 Reactive 0.00 Unreactive
M3 40.0 Reactive 1.400 22.00 Reactive 18.7 Reactive 1.89 Reactive 272 Reactive 0.0548 Reactive 4.90 Reactive
M4 44.0 Reactive 1.160 21.68 Reactive 19.6 Reactive 1.840 Reactive 276 Reactive 0.0594 Reactive 3.20 Reactive
M5 59.0 High Reactive 1.470 27.63 High Reactive 26.2 High Reactive 2.551 High Reactive 267 High Reactive 0.0174 Unreactive 110 Reactive
M6 40.0 Reactive 1.810 Reactive 22.39 Reactive 23 Reactive 2.168 High Reactive 274 Reactive 0.0109 Unreactive 0.20 Not Reactive
M7 33.0 0.290 | Unreactive 19.97 17.0 Reactive 1.844 Reactive 278 Reactive 0.0227 | Not Reactive 0.70
ZM8 47.0 Reactive 0.891 23.33 Reactive 25.2 High Reactive 2434 High Reactive 277 Reactive 0.0455 Reactive 2.25 Reactive
M9 62.0 High Reactive 1.620 Reactive 27.44 High Reactive 216 Reactive 2.033 High Reactive 268 High Reactive 0.0331 5.90 High Reactive
ZM10 37.0 Reactive 0.915 20.87 Reactive 177 Reactive 1379 Reactive 278 Reactive 0.04 Reactive 0.50
IM11 27.0 1.250 21.52 Reactive 16.9 1417 Reactive 280 Reactive 0.0623 Reactive 0.40 Not Reactive
IM12 74.0 High Reactive 2.660 |High Reactive| 34.15 High Reactive 26.0 High Reactive 1.850 Reactive 265 High Reactive 0.0714 [HighReactive] 18.00 | High Reactive
IM13 44.0 Reactive 2400 |HighReactive| 22.06 Reactive 17.6 Reactive 1.336 Reactive 271 Reactive 0.0491 Reactive 7.60 High Reactive
IM14 15.0 Not Reactive 0.229 | Unreactive 15.02 Not Reactive 6.5 Not Reactive 0.319 Not Reactive 272 Reactive 0.0148 Unreactive 1.85 Reactive
ZM15 31.0 0.355 | Not Reactive 19.08 18.0 Reactive 1.490 Reactive 281 0.0423 Reactive 1.00 Reactive
ZM16 24.0 0.862 18.46 12.8 0.890 279 Reactive 0.0147 Unreactive 3.70 Reactive
Zm17 57.0 High Reactive | 1.730 Reactive 24.82 High Reactive 23.0 High Reactive 1.691 Reactive 275 Reactive 0.0338 17.00 | High Reactive
IM18 34.0 Reactive 1.450 20.83 Reactive 16.5 0.832 272 Reactive 0.0681 Reactive 0.70 Reacti
ZM19 35.0 Reactive 0.273 | Unreactive 17.71 19.5 Reactive 1.585 Reactive 284 Reactive 0.0849 |High Reactive 3.00 Rea
ZM20 28.0 0.446 | Not Reactive 17.12 15.0 1211 283 0.0465 Reactive 0.70
M21 34.0 0.714 | Not Reactive 18.77 134 0.945 276 Reactive 0.0652 Reactive 11.50 | High Reactive
IM22 16.0 Not Reactive 0.804 ! 14.93 Not Reactive 5.9 Not Reactive 0.223 Not Reactive 265 High Reactive 0.0671 Reactive 0.00 Unreactive
IM23 53.0 Reactive 0.812 24.07 High Reactive 24.0 High Reactive 1.496 Reactive 275 Reactive 0.0625 Reactive 16.70 High Reactive
IM24 44.0 Reactive 0.862 16.99 17.8 Reactive 1117 270 Reactive 0.0666 Reactive 7.80 High Reactive
ZM25 28.6 0.700 | Not Reactive 24.67 High Reactive 26.3 High Reactive 1.934 Reactive 275 Reactive 0.0743 | High Reactive 8.85 High Reactive
IM26 45.4 Reactive 1.620 Reactive 26.48 High Reactive 23.1 High Reactive 1.552 Reactive 271 Reactive 0.0378 Reactive 470 Reactive
IM27 67.8 High Reactive | 0.867 21.48 Reactive 12.7 f 0.700 271 Reactive 0.0614 Reactive 0.00 Unreactive
ZM28 36.4 Reactive 0.600 | Not Reactive 21.54 Reactive 16.3 0.345 Not Reactive 267 High Reactive 0.0757 |High Reactive 1.80 Reactive
ZM29 60.0 High Reactive 0.647 | Not Reactive 16.08 15.0 1531 Reactive 320 Unreactive 0.0525 Reactive 0.75

63




Table 21: Overall Coal Self-Heating Prediction for the 29 coal samples

Spontaneous Combustion

Coal Samples Prediction

/M1 Highly likely

/M2 Less likely

ZM3

ZM4

ZM5 Highly likely

ZM6

ZM7 Less likely

/M8

ZM9 Highly likely

ZM10

ZMI 1

ZMI12 Highly likely

/M13

/M14 Not likely

ZMI15

ZM16 Less likely

ZM17 Highly likely

/M18

ZM19

ZM20 Less likely

ZM21 Less likely

ZM22 Not likely

ZM23 Highly likely

ZM24

ZM25 Highly likely

ZM26

ZM27

ZM28

ZM29 Less likely

An overall prediction of the coal samples to self-heat was made in Table 21. The predictions were
based from Table 16, using all the analytical data and experimental tests performed in the whole
project. The prediction were based on the consistency of results for each sample, therefore, meaning
that if more 3 or 4 components in Table 20 had the same outcome (High reactive, Reactive, Less
Reactive or Not Reactive) then a conclusion was made on the sample’s liability to self-heat. The
overall predictions agreed with the outcome of the 8 samples that were initially highlighted from the
proximate analysis and sulphur results, which also had the same indication regarding the liability of
the coal samples to self-heat. The ranking order for all the samples can be viewed in Appendix E.
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CHAPTER S

5 CONCLUSION

As spontaneous combustion is a critical and on-going problem that has been recurring for
centuries, it is vital for coal collieries and coal users to establish a spontaneous combustion
liability test method that can be swift, and as reliable as possible for routine tests in their
processes.

The TGA method O, adsorption and ignition test were selected methods to fulfil the
research questions asked in the beginning of this report, following the method proposed by
Avila (2012). The main aim of this project was to determine if the TGA spontaneous
combustion liability method is an accurate method to test the liability of coal to self-heat.

The well-tested Smith-Glasser oxidation test was used to validate the TGA method, and 29
samples were tested in both tests. Unfortunately the results did not correspond as expected.
Both test methods were compared to the volatile matter, petrographic, calorific value and
sulphur analysis to observe the test that collaborates with all the analyses.

The liability to spontaneous combustion could be predicted by use of a TGA analysis, but
with reservations. The method can indicate the propensity of coals to self-heat, but is not
always accurate when compared to the other method. The TGA method requires many
factors to correlate (such as ignition test TG, index, O, adsorption mass increase and the
reactivity of the coal using the peak temperature) before a conclusion can be reached; which
is the opposite of the Smith-Glasser oxidation test which requires the oxygen adsorption rate
only to make a conclusion, thus being a far simpler test (but takes a longer time).

The chances of human error occurrences in the TGA method depend on the measurements
conducted by the analyst. Extra care and accuracy is required when obtaining the results
from the graph; this unfortunately is dependent on the skill of the analyst. The TGA method
does not fully explain the intensity of the coal reaction with O,, the way the Smith-Glasser
oxidation test does; it can only give an idea when using the initial and peak temperature.

Theoretically, there are many sources of error in the TGA that one would not necessarily be
aware of if they occured. The sources of error may come as random fluctuation of the
balance mechanism, unstable buoyancy forces, and convection effect arising from the
furnace, electrostatic forces, turbulence effect arising from a gas flow, and induction effect
coming from the furnace (Czarnecki, 2000). The TGA’s has many sources of error, therefore
creating more chances of errors occurring. These factors make the TGA a less likely method
to be used. The Smith-Glasser test also has a shortfall of incomplete data collection, as the
overnight results are missed due to the experiments being run during the day.

The repeatability results were poor mainly due to the low number of samples run and this
could not be rectified due to time constrains. A total of 15 tests were run on the TGA for the
three samples (ZM9, 27 & 29), in order to have a second set of results to use on the
repeatability analysis. This means that in order to have 5 sets (n=5) of results for all 29 coal
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samples then 725 tests would have had to be run on the TGA in total, because one set of
results for all 29 coal samples equals 145 tests. Time would not have allowed this to be
possible for this particular project.

In conclusion, there was a slight correlation between the two self-heating test methods
which leads to a conclusion that the TGA method can be used in lab test work but is not
accurate enough to be used in the coal industry where accuracy is vital. The TGA
spontaneous combustion liability method lacks the ability to identify the intensities in coal
reactions and this could be crucial when one coal needs immediate attention due to its high
reactivity.
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CHAPTER 6

6 RECOMMENDATION

For future projects it is recommended that when the TGA method is used that the
petrography, proximate analysis, calorific values and sulphur analysis be performed to help
verify the spontaneous combustion liability results.

It is also recommended that the Smith-Glasser test should be used when further clarification
is required. The Smith-Glasser oxidation test can be used for samples that did not give a
conclusive indication on the coal liability to self-heat in the TGA tests.

Another recommendation is for a reference standard to be made using the Smith-Glasser
oxidation test and be used when TGA tests are being conducted to validate the results
obtained.

It is recommended that the different types of sulphur analysis (organic, pyritic and sulphate)
be performed in order to help give a better indication of coal self-heating.

It is highly recommended that further TGA repeatability test be performed in order to give a
more informative outcome. A large number of tests (725) are required for the TGA
repeatability test, which leads another recommendation for this section to be set as a project
on its own because it is very crucial to the outcome of the TGA reliability project.

BET surface area analyses are also recommended to be performed in order to help give more
understanding on the oxidation uptake reaction.

A project plan is also recommended and should be drawn before the test work is started in
order to cover everything because both test methods are time consuming and a huge amount
of time will be required for the repeatability tests.
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CHAPTER 8

8 APPENDICES
8.1 Appendix A
8.1.1 Proximate Analysis
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8.2.2 TGA Ignition Test
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—— IMS5 @ 3C ignition test
——  ZMS5 @ 5C Ignition test
—— ZM5 @ 7C gnition test
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Figure 107: ZMS Derivative curves and their slopes
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Figure 108: ZMS5 R,

Figure 109: ZM5 R’ cuated
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Deriv. Weight (%/min)
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Figure 110: ZM6 Derivative curves and their slopes
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Figure 111: ZM6 R’,,,,

Figure 112: ZM6 R’ cuiated
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1.0

———  ZM7 @ 3C ignition
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Figure 113: ZM7 Derivative curves and their slopes
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—  ZME& @ 3C ignition
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Figure 116: ZM8 Derivative curves and their slopes
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Figure 117: ZM8 R’;.n

Figure 118:ZM8 R’ icuated
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—— ZMS @ 3C ignition
—— ZM% @ 5C ignition
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Figure 119: ZM9 Derivative curves and their slopes
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1.0

—— ZM1D @ 3C ignition test
——— ZM10 @ 5C ignition test
—— ZM10 @ 7C ignition test
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Figure 122: ZM10 Derivative curves and their slopes
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Figure 123: ZM10 R%,,,,
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Deriv. Weight (%/min)

ZM11 @ 3C ignition test
ZM11 @ 5C ignition test
ZM11 @ 7C ignition test
ZM11 @ 10C ignition tes|
ZM11@ 20C ignition test

Figure 125: ZM11 Derivative curves and their slopes
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Figure 126: ZM11 R’
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—— ZM12 @ 3C ignition test
—— ZM12 @ SC ignition test
——— ZM12 @ 7C ignition test
———  ZM12 @ 10C ignition tes!
—  ZM12 @ 20C ignition tes
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Figure 128: ZM12 Derivative curves and their slopes
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Figure 129: ZM12 R’

Figure 130: ZM12 R’ icutated
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——— ZM13 at 3C ignition test
———  ZM13 at 5C ignition test
——— ZM13 at 7C ignition test
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Figure 131: ZM13 Derivative curves and their slopes
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Figure 132: ZM13 R’

Figure 133: ZM13 R’ icuatea
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Figure 134: ZM14 Derivative curves and their slopes
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Figure 135: ZM14 R,
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ZM15 @ 3C ignition test
ZM15 @ 5C ignition test
ZM15 @ 7C ignition test
ZM15 @ 10C ignition tes!
ZM15 @ 20C ignition tes
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Figure 137: ZM15 Derivative curves and their slopes
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———  ZM15 at 3C ignition test
———— ZM16 at 5C ignition test
——— ZM16 at 7C ignition test
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Figure 140: ZM16 Derivative curves and their slopes
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Figure 141: ZM16 R’,,...»

Figure 142: ZM16 R’ cuatea
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Figure 143: ZM17 Derivative curves and their slopes
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Figure 144: ZM17 R,
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———  ZM18 at 3C ignition test
——— ZM18 at 5C ignition test
———— ZM18 at 7C ignition test
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Figure 146: ZM 18 Derivative curves and their slopes
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Figure 147: ZM18 R’,,..,

Figure 148: ZM18 R’ cuiated
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———— ZM20 at 3C ignition test
————— ZM20 at 5C ignition test
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Figure 152: ZM20 Derivative curves and their slopes
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Figure 155: ZM21 Derivative curves and their slopes
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Figure 156: ZM21 Rzg,,ph

Figure 157: ZM21 R® i cutate
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——  ZM22 at 3C ignition test
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Figure 158: ZM22 Derivative curves and their slopes
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Figure 159: ZM22 R’

Figure 160: ZM22 R’ icutate
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——— ZM23 at 3C ignition test
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Figure 161: ZM23 Derivative curves and their slopes
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Figure 162: ZM23 R%,,..1
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——  ZM24 @ 3C ignition test
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Figure 164: ZM24 Derivative curves and their slopes
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Figure 165: ZM24 R’
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ZM25 @ 3C ignition test
ZM25 @ 5C ignition test
ZM25 @ 7C ignition test
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Figure 168: ZM25 Rzgraph
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Figure 167: ZM2S5 Derivative curves and their slopes
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ZM26 @ 3C ignition test
ZM26 @ 5C ignition test
ZM26 @ 7C ignition test
ZM26 @ 10C ignition tes

ZM28 @ 20C ignition tes
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Figure 170: ZM26 Derivative curves and their slopes
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1.0
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Figure 173: ZM27 Derivative curves and their slopes
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Figure 177: ZM28 R,

Figure 178: ZM28 R’ ,jcuiate
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Figure 180: ZM29 R’,,..
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Figure 179: ZM29 Derivative curves and their slopes
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Figure 181: ZM29 R icuiate
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8.3 Appendix C

8.3.1 Smith-Glasser Oxidation Test

kmole O2 absorbed per Kg coal (kmole
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Figure 182: Smith-Glasser Oxygen absorption (ZM4, ZM9, ZM15 & ZM3)
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Figure 183: Smith-Glasser Oxygen absorption (ZM22, ZM14, ZM24, ZM27)
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Figure 186: Smith-Glasser Oxygen absorption (ZM1, ZM26, ZM17, ZM12)
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Figure 187: Smith-Glasser Oxygen absorption (ZM12,ZM13, ZM18, ZM19)
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Figure 188: Smith-Glasser Oxygen absorption (ZM6, ZM7, ZM8, ZM10)

Figure 189: Smith-Glasser Oxygen absorption (ZM11, ZM28)
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8.4  Appendix D

8.4.1 Repeatability Tests

0.05 — -
0.04 = -
v 0&?223’;82;’039 0.0025 y = 8E-05x + 0.0008
0.04 ' R2=0.9493
0.03 0.0020 .
7
0.03
/ 0.0015
0.02 - - ’/ -
|
| 0.02 S - 00010 ¢
0.01 /
0.0005 —
0.01 -
0.00 0.0000
00 50 100 150 200 250 00 50 100 150 200 250
Figure 190: ZM28 Rzg,,ph Repeat Figure 191: ZM28 Rzmlc.,l,,.e Repeat
0.08 e 0.0045
y = 0.0001x+ 0.0011
_ 0.004 — —
0.07 1 - 0.0044x-0.0126 R?2=09105 /g
2 =
e R? = 0.9942 . 0.0035 /
\ 0.003 — —
0.05
0.0025
0.04 /
0.002 — -
0.03
0.0015 /‘
- L 4
0.02 a6at |
0.01 7 0.0005 — -
0 0
0.0 10.0 200 30.0 0.0 10.0 20.0 30.0

Figure 192: ZM27 R’,,,,, Repeat
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8.5 Appendix E

8.5.1 Petrography Analysis
1 2 3 4 5 §

M M2 IM3 M4 IM5 IMé
RANK (degree of maturity) Bituminous Bituminous Bituminous Bituminous Bituminous Bituminous
150 11760-2005 Classificafion of Coals Medium RankC |  Medium Rank C Medium Rank C Medium RankC |  Medium Rank C Medium Rank C
Mean random reflectance of viinite % (determined) 0.74 0.78 049 047 0.46 070
Vitrinite-closs distribution V5toVe V5tV V5loVe V5toVe V5toVe V5oV
Standord deviation @ 0.080 0098 0073 0.609 0.060 0078
Mean maximum reflectance of vitinite % (calculated) 079 083 0.74 0.72 0n 075

Abnormalties

None observed

None observed

None observed

None observed

None observed

None observed

PEIROGRAPHIC COMPOSITION (% by volume)

Maceral analysis (mineral matter basis)

Total reacfive macerals 7 86 2 4 4 5 4
Vitrinite content % i 8 il 2 4 19
Totalinertinite % 3 48 ¥ 48 4 40
Heat aftered (coke, charetc) % 0 0 0 0 0 0
Visble minerals % 8 38 2 2l 1 17
Maceral analysis - Total 7% 100 100 100 100 100 100
Conqiﬁornranalysis -Tofal h 0 0 0 0 0 0

Figure 195

: Summary of major coal characteristics (ZM1 — ZM6)
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1 8 9 10 1

In IM§ IM9 IM10 IMI
RANK (degree of maturity) Bituminous Bituminous Bituminous Bituminous Bituminous
150 11760-2005 Classificafion of Coals MediumRankC | MediumRankC | MediumRankC | MediumRankC | Medium RankC
Mean random reflectance of vitinite % (determined) 0.72 0.74 0.49 0.73 049
Vitrinite-class distribution V5oV V5oVe V5oV V5oV9 V5l V9
Standard deviation @ 0.063 0.064 0.063 0.074 0078
Mean maximum reflectance of vifrinite % (calculated) 077 079 0.74 0.78 074
Abnormaiiies None observed None observed None observed None observed None observed
PETROGRAPHIC COMPOSITION (% by volume)
Maceral analysis (mineral matter basis)
Total reacfive macerals 7% 3 a7 62 31 i
Vitrinite content % 16 7 48 2 12
Liptinite confent % 3 4 8 4 3
Visiole minerals % Y 9 2 258 RJ]
Maceral analysis - Total 7% 100 100 100 100 100
fﬂiﬁon analysis - Total % N 0 B 0 0 0 0 -

Figure 196: Summary of major coal characteristics (ZM7 — ZM11)
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1 2 3 4 5 §

IM12 IM13 IM14 IM15 IM16 M7
RANK (degree of maturily) Bifuminous Bituminous Bituminous Bituminous Bituminous Bituminous
150 11760-2005 Classificafion of Coals Medium Rank C | Medium RankC | Medium RankC | MediumRankC | Medium RankC | Medium Rank C
Mean random reflectance of vitrinite % (determined) 0.68 0.70 0.78 0.85 0.75 047
Vitrinite-class distribution V5t V8 V5toV8 V5toV9 VsVl V5toV9 V5hVe
Standord deviation @ 0.062 0.058 0.088 0095 0075 0.063
Mean maximum reflectance of vifrinite % (calculated) 0.73 0.75 083 089 080 072

Abnormalties

None observed

None observed

None observed

None observed

None observed

None observed

PETROGRAPHIC COMPOSITION (% by volume)

Maceral analysis (mineral matter basis)

Total reactive macerals 7% 74 4 15 3 pL] 5
Vitrinite content % 60 3 9 14 13 4
Liptinite content % 1 4 2 4 3 1
Totalinertinite % 27 3 2 52 4 4
Heat altered (coke, charefc) % 0 0 0 0 0 0
Visible minerals % 6 8 64 K 4 12
Maceral analysis - Total % 100 100 100 100 100 100
Condifion analysis - Total % 0 0 0 0 0 0

Figure 197: Summary of major coal characteristics (ZM12 — ZM17)
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1 8 9 10 I 12 13

IMI8 IMI9 IM20 IM21 IM22 M3 M4
RANK (degree of maturity) Bituminous Bituminous Bituminous Bituminous Bituminous Bituminous Bituminous
150 11760-2005 Classificafion of Coals Medium RankC | Medium Rank C Medium RankC | Medium Rank C Medium Rank C Medium Rank C Medium Rank C
Mean random reflectance of vifrinite % (defermined) 0.72 0.78 079 075 043 0.48 047
Vitrinite-class distribution V5toVe VitoVe VétoV9 VétoVe V5tV Vit V7 V5toV8
Standard deviation @ 0on 0072 0.081 0,061 0.060 0,055 0.054
Mean maximum reflectance of vifrinite % (calculated) 077 081 084 080 0.69 0713 072

Abnormalities

None observed

None observed

None observed

None observed

None observed

None observed

None observed

PETROGRAPHIC COMPOSITION (% by volume)

Maceral analysis (mineral mafter basis)

Total reactive macerals 7 34 35 28 34 18 53 4
Vitrinite confent % 2l 13 14 20 1 40 3%
Tofalinertinite % 3 63 4 3 1 4 k|
Heat altered (coke, charetc % 0 0 0 0 0 0 0
Visble minerals % 43 2 3 3 76 11 ]
Maceral analysis - Tolal % 100 100 100 100 100 100 100
Condifion gnalysis- To!al b 0 0 0 0 0 0 0

Figure 198: Summary of major coal characteristics (ZM18 — ZM24)
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8.6 Appendix F
8.6.1 Mine Disasters

Sixty-threae Mining Disasters, 1882-2000 (Three or Mom Fatalities)

Mo, voar  |nne Oesaster e (oot |voted
1 ABEZ Femwy Australasan goidmins, Wic Flaoang e 22
=2 ABHS Lithgow Vaioy collsry, NSW i apiasaon ) &
9 ABEE Wahs of Clywedd codhery, NSW 7o Y E]
4 ARS 7 Btk colbsory, NESW T agrhgcsan s E=3 8
L= AHHH Harmilon ooy, MSW Fos: tail 1L 11
= 1893 Ertpse collicn, pswech, Qo Fhooding i v
¢ AHE Foruna Husthor gaigimune, W L aposunn = 3
= AB895 Saomith Biroken Hill silwer mane . RS oo tal < <
a9 AH9% Mcbwoy goidimne, Didorada, Vo Flooaing o L=l
p knj A B Stockion ey . NSW Poesom gas 11X 15
11 ABTHE Motropchitan colliory, NSW Adulnurst 3 =
iz 1595 Dwabey colhery, PESW im0 p ] 15
43 1898 Last Gnota colhony, MSW Foesie tadl 3
14 b R= 08 ) Syctrney Harbour oolhony, RSW 'v&achnr-:q. 5 5
15 Torbanica codlwng, (g £ apsosena ] &
a6 Hno1a Solinsry . MRS Fu =l S
s g Burwooa! clliery, HSW T apeasane £ | 3
s Cardhgsn gosdrmane . Ballarat, W ¥ Woang 1 a
19 K Bazrnbds cofery, PMNSYW L DS 5
20 Great Boulter goldmunc, Wa Aachiimery =) 5
21 Brithart P gobdomume, Qg T 2 ¥
22 p = Sranitiond colery, MNSW T apisuson =] L=
23 1907 South Ciftaon coamine, NSW Rook s A <1
e AHIE B Rogan copper & Eﬁnmnr-c, o ot [ i
25 1905 R Monzan copper & gosdone, Qi Bkt =) o
26 191z raoeth %M Lyl coppeer mune, Tas F e a2 42
2% 1914 Great Edenmed Hustler golfmene, W ‘ﬁlDﬁi"‘:m‘.!ﬂ T b
28 1919 Candif! oolliong, lpsweoin, Qid £ aiaeSenn 3 =3
24 1921 ®1 Mullgan colheng, Qudg £ apsossan =] 5
3 AnI= e Horsoshos gosdrmine, WA WaChImsrg =] ks
31 1923 Beilinnd cotbeny, MRSW £ spiocacn 21 22
32 1926 hanhoe goitmine. Coolgardie, Wa ook e ad 3
3 1926 Rodhicad colbery, Nowcastle, NSwW Eaquosaan =] &
34 1928 Fodbank coMeny. kpswich, Qin L apisa0n 3 3
35 1929 Bmsess tin owne, Deroy, Tas Figoang =] - |
36 192 umbumna coliery, Wic Poison gas 3 =
ar 1931 |Caoibery|, Launceston, Tas  apiasean & £
38 1531 WortNage: colieny, Wi Lepmosman <4 5
39 193 |Mtotal runal, Wa s ] 3 3
S 1934 Bilackwater colherny, g -L-;s;vs-cn a4 &8
€1 1936 [Har s Abcrdane colhery, lpswach, Qid £ apiasean 2 a
e 1937 Wionthage cohery, Wic £ apensaon 13 13
&3 19495 Feow Ebinwe Wake coflery. Qi e pSoSana <3 B
g3 1845 Halmain oollieny, NSW E_apibaesaon 3 3
&5 1954 o csbnssatle collwery, Qid Posom gas T T
GG AU Bogh colleory, NESW L spiasann = <4
lar AEHGE Wayoe colbery. NSW Rook tal 2 5
s 1971 Huiton copper & lead mene, Gid Rk tail %) =
g 1arz Haos Flat colbeny, ipswich, (id I speasason b ¥ iv
| i) 1972 Bisckman' s Flat coatmene, NSW Rock el 3 =
&1 197S Fuanga Mo 1. Mowa collieny, Cia £ apiasann 13 i3
2 b R= iy Agrew mcked mEme, 'Wa MAIChImETe ) =]
53 1978 Dwmcan oolicry, Tas ‘t-mfsazn 3 <}
54 19759 |appen coen. NSW f «pioseon 14 1a
55 1982 Lascham coftary, Blackawater, (id Rook fad 5] 3
L= 1985 Miowra colery, Qid T apsasenn 12 b Be
5 18HS Ervvu goddrmane. Agnew. Wa Fiooang = L=
S 1991 Wicstern Mawn coal mune, NSW Hook 13 =] =
59 1991 South Bull, MNSW Povson gas = ]
503 1994 Moura cofery, Qig £ aphoson § 51 11
51 1996 IGretloy cofleany . MNSW 7 ioomng 4 4
2 1999 réorthparkses coEper & gobdmmims REW Rock a0 <4 4
&5 2O Bronaowsng gokdmane. Lanster . Wa Fooang 3 -]
5 Hilled i 20 events A549
otad coal miners killed in 43 avents S11
otat killed i 63 events ] 665

Figure 199: Sixty-three Mining Disaster, 1882 - 2000 (Three or More Fatalities), Mine Accidents database (2015)
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8.6.2 Spontaneous Combustion Mine Disasters

Box Flat Mine Disaster —
South East Qld 1972, 17 Men lost.

Disaster Cause

-Spontaneous heating occurred

involving spalled coal in roadway

-Fan stopped over weekend.

*Event worsened due to fan stoppage and
developed to fire.

«Fan start up assisted fire to worsen.

<A gas and dust explosion occurred due to
ventilation recirculation.

Figure 200: Box Flat Mine Disaster, Creighton (2003)

Kianga Mine Disaster — Central Queensland
1975, 13 Men Lost

Disaster Causes
-Spontaneous heating occurred
In goaf area of mine workings
*Coal seam not fully mined and coal
was left in goaf.
-Spontaneous combustion event
occured.
*The spontaneous combustion event
escalated until it ignited methane gas
and caused an explosion.
*The explosion raised coal dust which
was ignited and a coal dust explosion
occurred.

Figure 201: Kianga Mine Disaster, Creighton (2003)

Moura No 2 Mine Disaster —
Central Qld 1994, 11 Men lost.

Disaster Cause

-Spontaneous heating occurred

in waste workings

*Strange smells detected but not reported
in writing.

*Decision made to seal panel early.
-Assumption that all persons knew about
sealing and reasons for.

~Mine explosion occurred later that night.
-After sealing worked should have ceased
for 48 hrs.

-Mine explosion occurred at time
predicted for explosive atmosphere.

Figure 202: Moura No 2 Mine Disaster, Creighton (2003)
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8.7
8.7.1

Appendix G

Changes in Coal Properties

a Volatile Carbon . Oxygen
Moisture Calorific Value
Matter Content Content
e As Dry Ash
Coalification St Dry Ash Free A ieved Dry Ash Free
ation Stage mecleved |Free ry sreciev ry
Peat ~75% A9 - 63% <60% 3.500 kcal'kg >23%
Lignite 35-55% |63 - 53% 65 - 70% ol 23%
kcal’kg
4.200 - 4 50
Sub-bituminous C 30 - 38% 53 - 50% 70-72% ) e 20%
kcal'kg
4 500 - 5.000
Sub-bituminous B 25 - 3D% 50 - 46% 72 -74% N ) 13%
kcal’kg
5.000 - 5.500
Sub-bituminous A 18 - 25% 45 - 42% 74 - 76% ) 16%
kcal’kg
High Volatile Bituminous
c g 12 - 18% 46 - 42% 76 - 78% 5.500 5.900 kcal'kg|12%
High Volatile Bituminous 9.9 -3
o mINoUS 40120 |42 - 38% 78 - 80% 901 - 6,500 10%
B kcal'kg
High Volatile Bituminous 8- 10% a8 - 31% 80 - 82% b_30p - 7.000 8%
A kcal’kg
i latil 7.000-8
M~ed|u_m Volatile 8 - 10% 91 - 299 82 - B6% O' 000 49
Bituminous kcal’kg
8.000 - 3.R500
Low Volatile 8-10% 22 - 14% 86 - 90% ) B 3%
kcal/kg
Semi-Anthracite 8- 10% 14 - 8% 90% 7.800 8.000 kKcal'kg|3. 3%
7.600 - 7.800
Anthracite 7 - 9% 8 -3% 92% o 4.5%
kcal'kg
Meta-Anthracite 7-9% 8-3% >92% 7.600 kcal'kg 5%

Figure 203: Changes in Coal Properties as Rank increases, Coal Marketing International (2012)
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