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ABSTRACT

Coal from the Highveld seam 4 deposit was studied to determine and understand the
influence of density and particle size on the high temperature combustion characteristics. All
of the charring, as well as the combustion experiments were conducted in a high
temperature horizontal tube furnace where charring was done at 1100 °C and combustion at
1000 °C. The furnace was equipped with carbon monoxide and carbon dioxide analysers to
monitor carbon conversion during experimentation. The parent coal was characterised in
terms of proximate analysis, ultimate analysis, calorific value analysis and FTIR analysis.
The chars were investigated with FTIR analysis. The coals were categorized according to
density from +1.4 g.cm™ to -2.0 g.cm™ using 0.2 g.cm? intervals and the particle size effect

was studied using particles of 20, 30 and 40 mm diameter.

The characterization results showed that the moisture content of the coal samples tended to
decrease as the particle density increased and that the smaller particles tended to have a
higher moisture content. The volatile matter and fixed carbon content decreased as the coal
density increased, while both had a relatively even distribution across the size ranges. The

ash content was found to significantly increase as the density increased.

Elemental analysis revealed that that carbon-, hydrogen- and nitrogen- content decreased
as density increased with a relatively even distribution of the different size ranges. High
sulphur values were observed in the high density particles. This was attributed to a higher
pyrite content in this fraction. Smaller particles tended to have a higher oxygen content.
Calorific value analysis showed that the high density fraction had a very low heating value

and that the overall sample value would be improved by removing the high density fraction.

FTIR analysis showed that the properties of density separated fractions varied significantly;
this was most prominent in the substitution structures occurring on the aromatic structures. It
was found that the chemical composition of the size separated particles remained relatively
constant. The properties of char particles with different densities tended to become more

similar, especially with regard to their aromatic substitution structures.

The characterization of the different coal samples showed that the parameters were
generally significantly different for the different density fractions but did not vary significantly

across the particle size ranges.

It was also found that significant shattering occurred at heating rates of 50 °C/min, while very

little shattering was observed at 15 °C/min. The low density particles formed porous ash



residues, while the high density particles formed very hard and solid ash residues that could
contain unreacted carbon in the core. Combustion studies showed that particle density and
size had a significant influence on the time required for complete conversion of the chars.
The low density particles required less time for full conversion than the high density particles
and the smaller particles reacted faster than the larger particles. Modelling of the
experimental data showed that the shrinking unreacted core model can be used to describe
the combustion characteristics of both the size and density separated particles. The
controlling mechanism was found to be a combination of internal and external diffusion.
From the modelling results it was found that effective ash layer diffusion became more
prominent as the density increased and that the obtained mass transfer coefficients

correlated well with values found in literature.
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CHAPTER 1: INTRODUCTION

1.1. Background and motivation

Energy resources and energy availability are critical to any civilization, and access to cheap
fossil fuels has been the backbone of our society since the industrial revolution (Hopkins,
2006). The major fossil fuels fuelling this growing and ever more demanding society include

coal, oil and natural gas.

Oil overtook coal as the world’s main energy source in the 1960’s (WCI, 2005) due to
remarkable growth in the transportation sectors. As a result of diminishing oil reserves,
however, an impending ‘oil peak’ (Hopkins, 2006) is expected. At the moment oil is still the
primary energy source, supplying 34.4% of the world’s primary energy demands, followed by
natural gas and coal, which supply 20.5% and 26% respectively. The smaller contributors to
the energy supply in the world include nuclear energy, contributing 6.2%, and hydro energy,
contributing 2.2%. The remainder of the supply need is contributed by sources including
geothermal, solar, wind and combustible waste energy, which together contribute around
10.7% (WCI, 2009)

In the global electricity sector coal is one of the most important resources, as most of the
world’s electricity is generated using pulverized coal combustion processes. Coal is
responsible for approximately 41% of the global electricity supply, with natural gas being the
second largest resource contributing 20.1%. The only major renewable resource with
regards to electricity generation is hydro technology, which supplies 16% of the world’s
electrical demands. Nuclear energy, while being a technology with great potential, currently

supplies only 14.8% to the global electricity supply (WCI, 2009).

Current estimations predict that global energy demands will increase by 60% from 2004 to
2030, and that the bulk of this growth will occur in developing countries including South
Africa. It is estimated that the developing countries will account for 70% of the predicted
growth, while China is estimated to contribute 30% of the predicted increase in energy
demand. Predictions indicate that the increase in energy demand will mostly be supplied by
the utilization of coal resources, with coal contributing as much as 80% of the required
increase (WCI, 2005).

Looking at the reserves of natural resources it can be estimated that at the current
production levels global coal resources will last about 122 years, whereas oil and natural gas

will last approximately 42 years and 60 years respectively. Table 1.1 shows that the largest
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hard coal producer in the world is the Peoples Republic of China with a production rate of
2482 Mtlyear, followed by the USA with 990 Mt/year. South Africa is ranked seventh in the
world with a production rate of 236 Mt/year (WCI, 2009).

Table 1.1: Leading global hard coal producers (WCI, 2009)

Country Production (Mt/year)
PR China 2482
USA 990
India 427
Australia 309
Russia 247
Indonesia 246
South Africa 236

Despite South Africa’s coal reserves amounting to between 34 000 Mt (Campbell, 2002) and
50 000 Mt (WCI, 2005), as opposed to countries like the USA and Russia having about 250
000 Mt and 160 000 Mt respectively, South Africa is still ranked seventh in terms of countries
with the largest coal reserves. This makes coal a very important resource for South Africa.
According to the Department of Minerals and Energy (DME, 2007), 21 % of South African
coal is exported, 21 % is used locally (excluding power station coal) while the remaining
58 % of the coal produced in South Africa is mostly used for power generation, followed by
synthetic fuel production. The distribution of coal use for the coal that is not export or used
locally can be seen in Table 1.2.

Table 1.2: Coal uses in South Africa (DME, 2007)

Coal use Contribution (%)
Electricity generation 62
Synthetic fuel production 23
General industry
Metallurgical industry 4

Sold locally or exported

It is estimated that 93% of South Africa’s electricity demand is supplied by coal fired
technologies (WCI, 2007), making it very significant for South Africa, as South Africa is

experiencing a higher energy demand than can currently be supplied.



There are several coal using technologies available to meet the energy demands of a
growing economy with regard to electricity generation, fuel production or industrial use.
These include pulverized coal combustors, fluidized bed combustors, and several fixed bed
gasifiers. The parent coal particle sizes used in these technologies range from pulverised
coal (micrometer sized particles) as used in electricity generation (Hurt et al., 1995) to lump
coal (up to 65 mm) as used in fixed bed gasifiers (Bunt and Waanders, 2008). These
technologies are continuously being studied and modified to improve parameters like
conversion efficiencies, emission reductions, power requirements etc. to meet the strong

demand for greener technologies (Beer, 2000).

Along with the increasing use of coal as major fuel stock, public policy is aiming to create,
develop and implement clean coal technologies to achieve higher efficiency power
generation and coal conversion (Beer, 2000). The main increase in public demand for clean
coal technologies and more efficient processes is due to the fact that the use of fossil fuels
has some negative effect on the environment. These effects include acid rain, the green
house effect, and the release of trace elements into the environment (Rubiera et al., 2003).
The energy supply processes can be improved by way of both the more efficient use of coal
in existing technology, and the designing of new systems that use coal as optimally as
possible. New power generation technologies, offering advances in efficiency and reduced
greenhouse emissions, include processes like the integrated drying gasification combined
cycle (IDGCC), the Drycol and the lignite fuel enhancement systems (LFES) (IEA, 2010).

Whether designing new processes or optimising current technologies, it is important to
understand the chemical processes involved during coal utilisation. To design better
technologies or to make current processes more efficient it is necessary to understand the
influence of parameters like particles size (Wang and Wen, 1972), particle density
(Koekemoer, 2009), temperature (Oberholzer, 2009), pressure (Niska et al., 2003) and coal
composition (Mendez et al., 2003) as these parameters greatly influence performance
characteristics like conversion rate, product quality and unwanted emissions. Given that as
coal resources diminish the utilisation of low grade coal will become unavoidable, making it
essential that the performance of low grade coal be understood in order to make

suggestions regarding system upgrades.

Another important property that has a significant influence on the combustion behaviour of a
coal particle is coal particle density. Coal particles of the same origin can be separated by
sink-float techniques to yield particles with various mineral matter contents (Matjie and Van
Alphen, 2008), while different maceral constituents of coal also have different densities

(Borrego et al., 1997). As particles from the same origin can have different mineral matter



contents it follows that if there is catalytic activity from the mineral content, then the various
density fractions will behave differently, thus affecting the reaction behaviour of these
fractions. Due to the fact that particles of differing density will have different mineral
contents, the ash layer formation behaviour will also be affected. This in turn may influence
particle temperature behaviours (Chen and Kojima, 1996). Different densities can also affect
parameters like pore diffusion during reaction, heat transfer mechanisms, and diffusion
parameters (Szekely et al., 1976).

As mentioned earlier, the particle sizes used in coal utilization technology can range from a
few micrometers up to the centimetre range. Particle size variations affect devolatilization
and heating times, which then affect the reaction time required for each particle size. This in
turn further affects parameters like burnout times and reactivities (Hanson et al., 2002). Size
differences can also have a significant effect on the controlling mechanisms encountered
during the combustion of coal particles (Niska et al., 2003) (Liu, 1999) (Wells and Smoot,
1985). As the patrticle size of the coal affects both the time required for full conversion, and
the controlling mechanism involved during combustion, and as this in turn affects the
residence time required for each particle size in a reactor setup, it is important to understand
the properties and the influence of these properties on reaction systems. The behaviour of
large particles is particularly important in understanding the operation of fixed bed gasifiers
and chain grate stoker boilers (Bunt and Waanders, 2008). If the particle size properties and
the influence of these properties on combustion reactions are better understood, then the
maximum and the minimum patrticle sizes introduced into coal utilization technologies can be

determined and changed so as to optimise conversion of these patrticles.

In order to optimise coal utilisation process conditions; develop more suitable and
comprehensive models; and optimise the design and understanding of new technology, it is
necessary to fully understand the combustion behaviour of coal particles. It is therefore
imperative that the influence of parameters like particle density and particle size be further

examined and understood.

1.1. Objectives of the investigation

Coal particles with different densities have different mineral contents that will influence the
combustion properties of the different coal fractions. The combustion properties of coal are
also influenced by the size of the coal particles, as the particle size will influence parameters

like burn out times and diffusion. This dissertation presents results from a detailed study of



combustion characteristics of a typical Highveld coal separated according to density and

size.

The focus

of this work is to determine the combustion characteristics of particles with

densities ranging from float 1.4 g/cm? to sink 2.0 g/cm?® with 0.2 g/cm? intervals, along with

particles sizes of 20, 30 and 40 mm. All of the combustion work was conducted at 1000 °C.

The objectives for this research project are the following

Determine the chemical, and structural properties of the several density cuts and
sizes of the parent coal samples

Characterize selected samples in terms of FT-IR analysis

Assess if either density separation or size differences influence the

characterization results

Evaluate the combustion reaction rate of the coal samples as a function of coal

density and particle size

Determine whether the obtained combustion characteristics can be explained by
the characterization results, with special attention to easily obtained conventional

characterization i.e. proximate and ultimate analysis.

Evaluate the combustion parameters and fit an appropriate reaction model to the

experimental data for both particle density and particle size

1.2. Scope of the study

The scope of the study has been constructed to answer the respective research questions

outlined in

Figure 1.1.

the objectives of the investigation. The scope used is schematically illustrated in
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Chapter 1 presents a general discussion that gives background information relating to the
study and that motivates arguments in support of the study of density and size separated
coal particle combustion. This is followed by a section detailing the aims and objectives of
the study, to ensure that the proper information can be obtained from the study. Chapter 2
presents the literature study conducted in order to better understand the origins of coal, and
the techniques used to characterise these different coal particles. The literature study also
reviews the characteristics and parameters that influence coal combustion processes, and
briefly discusses the relevant models that can be used to describe the combustion of coal
particles. Chapter 3 gives the experimental methodology along with a description of the
origin of the samples studied during this investigation. It further describes the
characterization done on the relevant samples; the experimental equipment; and the
procedures used during the study. The experimental chapter also provides details regarding
the performance of the commissioned furnace, and the verification of the results obtained
from the experimental method. Chapter 4 reports the characterization results obtained and
discusses the information and the conclusions that can be drawn from these results. Chapter
5 examines some of the visual observations made from the combustion experiments, and
discusses aspects such as the resulting ash characteristics. This chapter also presents the
combustion results based on a discussion of the influence of parameters like particle density
and particle size. The modelling results are given in Chapter 6, which shows how an
appropriate  model was chosen for the modelling of the experimental results. A
representation of the obtained modelling results, as well as a discussion of the implications
of these results is also given. Information from Chapter 4 will be used to try and explain the
obtained experimental results shown in Chapter 5, showing an interchangeable relationship
between Chapter 4 and Chapter 5. Finally, the most important conclusions will be given in

Chapter 7, along with recommendations for future work.



CHAPTER 2: LITERATURE REVIEW

2.1. Introduction and overview

This chapter covers the literature needed to fully understand the recent and relevant
research done in this field of coal research. The objective of the survey is to understand the
results of relevant coal research, as well as to determine the effects of parameters like
density, particle size, oxygen concentration and temperature on the combustion behaviour of
coal. This chapter also covers the literature needed to understand the detailed

characterization of coal.

2.2. Coal origin, constituents and classification

It is widely known that coal is made of a mixture of metamorphosed plant material. It
therefore has variable chemical and physical properties and is not chemically uniform
(Falcon, 1978). From this non-uniformity of coal it can be concluded that no two coals are
the same, and that no two coals will exhibit the same behaviour during industrial processes.
Even coal coming from the same seam can vary significantly in terms of composition,
properties and behaviour. Due to these variations it is necessary to model coal combustion

processes, taking into account the effects of these variations.

2.2.1. Coal formation (Coalification process)

Coal is formed when plant material decays, usually under anaerobic conditions. The
formation of coal thus requires aqueous environments with a lot of vegetation and enough
water to prevent the decay of the organic material by preventing the oxygen required by
decay processes from reaching the dead plant material. Micro-organisms present in the
water induce a chemical reaction forming peat. As the peat is buried deeper during the
drainage of water, there is an increase in pressure and temperature signifying the start of the
coal formation process. During this process low grade coals like lignite are transformed to
higher grade coals like bituminous coal and anthracite. The lower rank coal i.e. the peat and
lignite are more hydrophilic, giving these coals a relatively high moisture content. The

transformation from peat to bituminous coal through lignite reduces the amount of polar
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groups (hydroxyl and carboxylic acids) as well as the hydrophylicity, thereby reducing the
inherent moisture content. This reduction in polar groups occurs between the ranges of 81-
89% carbon, having a maximum hydrophobicity at a carbon content of about 89% (Brown,
1962).

Coalification is the process through which peat is consecutively transformed to lignite, sub-
bituminous coal, bituminous coal, anthracite and graphite. The major changes occurring in
this process are given in Table 2.1 (Falcon, 1977), where the loss in oxygen is related to the

increase in carbon content.

Table 2.1: The main changes in coalification (Falcon, 1977)

Rank C (%) H (%) 0 (%) N (%)
Wood 50 6 43 0.5
Peat 59 5 33 2.5
Lignite 70 5.5 23 1
Bituminous 82 5 10 2
Anthracite 93 3 2.5 1
Graphite 100 0 0 0

Apart from the steps required to form coal, (as described above) the coalification process
can also be divided into three separate stages (Falcon, 1977). The sedimentation stage
describes the depositions of decaying plant material in a body of water. During this stage
certain minerals can be deposited along with this layer. The quantity of mineral matter
deposited relative to the amount of organic material will ultimately determine the grade of the
coal. Secondly, in the diagenetic stage, the primary decaying debris (in the form of banded
layers) is bio-chemically changed and undergoes pressure changes due to compaction. The
chemical composition and the proportion of these organic materials form the precursors of
the macerals found in the fossilised coal, and are very important in rank and behaviour.
Finally, in the metamorphic stage, geochemical changes like temperature, pressure and
time, play a vital role in the formation of the final coal. These changes determine the degree
of coalification, and therefore also the rank of the coal (Brown, 1962). This can chemically be

seen as the enrichment of carbon content at the expense of oxygen and hydrogen content.



2.2.2. Coal constituents

The components that make up coal can microscopically be divided into the organic part
(macerals) and the inorganic (mineral) part. The maceral or organic groups are made up of
the various plant materials from which the coal was formed (Falcon and Falcon, 1987). The
three main maceral groups and the inorganic material occurring in coal are discussed in the

following sections.

2.2.2.1. Vitrinite:

The vitrinite maceral is considered to be an oxygen rich, high volatile organic matter that
originally formed from plant material like bark, twigs, branches etc. Depending on the rank,
the colour of vitrinite can vary from dark grey (High volatile bituminous coal) to white
(anthracite), with the percentage reflected light varying accordingly from 0.5 % to 10%
(Falcon and Falcon, 1987).

2.2.2.2. Liptinite (exinite):

The liptinite maceral contains hydrogen rich organic material, and was originally formed from
spores, resin bodies and algae. The colour of liptinite can vary from black-brown (High
volatile bituminous coal) to pale grey/white (anthracite), depending on rank, with the

reflectance varying accordingly from 0.0 % to 10% (Falcon and Falcon, 1987).

2.2.2.3.Inertinite:

The inertinite maceral is the carbon-rich maceral originally formed from oxidized organic
humus. The colour can vary from medium grey (high volatile bituminous) to yellow white
(anthracite), with the reflectance varying from 0.7% to 10%. Inertinite has the lowest
combustion rate when compared to the other macerals, and has a relatively inert behaviour

towards coking, hydrogenation and devolatilization (Falcon and Falcon, 1987).
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2.2.2.4.Inorganic content

While the organic parts of coal are classified under the three main maceral types, minerals
can be found in various forms in coal. These include (Falcon and Falcon, 1987):

Sedimentary rock

- These include siltstones, shales and sandstones occurring between coal seams.

Mineral grains

- These grains are mixed with the organic matrix of the coal particles, from which
the most abundant minerals are in the form of quartz, clays, carbonates (calcite

and dolomite) and pyrite.

When these minerals and macerals occur in various combinations and proportions, they are
known as microlithotypes (microscopic bands), with series of the microscopic bands forming
macroscopic bands called lithotypes. Coal can be assessed by observing the various
lithotypes with the use of a microscope. The microlithotype distribution plays an important
role in the processing and utilization of coal (Falcon and Falcon, 1987). Some of the factors
contributed by the different microlithotypes (macerals) include the variation in grindability,
which will affect the distribution of microlithotypes and or macerals in various particle size
ranges. Another factor that will be affected is the microlithotype (maceral) distribution
variation that will occur in different particle densities due to the variation in densities of the

individual macerals.

2.2.3. Coal classification

The rank of a specific coal is an indication of the maturity of the seam from which the sample
was obtained. This maturity is commonly affected by factors like geological time, pressure,
and temperature. How these parameters influence the mechanical properties of coal has not
been quantified in South Africa. For European and North American coals, rank is determined
by the amount of volatile matter and carbon content, this is however not that well established
for South African coals. The rank of South African coals is determined by petrographically

determining the vitrinite reflectance under oil immersion (Falcon and Falcon, 1987).
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2.3. Coal characterization: Conventional analysis

This section covers some of the most relevant properties, as well as the analysis done to
determine these properties, and the way in which these properties relate to the
characterization of coal. The conventional analysis of coal includes proximate and ultimate

analysis, calorific value analysis and petrographic analysis.

2.3.1. Proximate and ultimate analysis

During the proximate analysis of coal, four parameters are determined: moisture; ash;
volatile matter; and fixed carbon content. The moisture content is the moisture contained in
the pores of the coal, whereas the ash represents the remains after combustion, which is
normally associated with the initial mineral matter in coal. The volatile matter is the part of
the coal that can be driven off as gases at elevated temperatures in the absence of reactive
gases. The fixed carbon is the organic matter left after the determination of the volatile,
moisture and ash content. For this analysis moisture, volatile matter, and ash are determined
analytically, and the amount of fixed carbon is determined by difference. Ultimate analysis
experiments are conducted to determine the principal elements in coal; these include the

carbon, hydrogen, nitrogen, oxygen and sulphur contents (SANS, 2006).

2.3.2. Calorific value analysis

The chemical energy in coal is measured by a calorific value determination, and is indicative
of the value of the coal as a fuel stock. The calorific value of coal can be expressed in two
forms, the gross calorific value and the net calorific value. The net calorific value is
determine from the gross calorific value by subtracting 40 kJ/g of water derived per unit
guantity of fuel where the water includes the original water present as well as the water

produced from the combustion reaction (Montgomery, 1978).

To determine the gross calorific value the heat released from the burning of a certain amount
of coal in a closed vessel in oxygen is measured. Factors that affect the measurement of the
calorific value include the difficulty of acquiring a representative sample, human error in
variation of analytical technique as well as incomplete combustion of the coal sample
(Montgomery, 1978).
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2.3.3. Petrographic analysis

Petrographic analysis of coal involves the estimation and evaluation of the composition and
physical properties of coal by means of microscopic examination. Petrography is important
due to the fact that the chemical and physical properties are not only affected by the
classical ranking parameters, but also by parameters such as maceral components and
mineral matter. For a complete parameter profile, rank parameters as well petrographic
parameters need to be determined (Falcon, 1978).

Work done by Koekemoer (2009) on a typical Highveld coal, with particle size in the region
of 1mm, showed that the microscopic structure of these coals varied considerably when
washed at different densities. From this analysis it was found that all the fractions were
medium rank C coals, or high volatile bituminous coals. It was also found that the
composition of different coal samples varied considerably (Koekemoer, 2009), making
petrographic analysis very important when searching and calculating correlations between
compositions and physical behaviour of coal.

2.4. Coal characterization: Advanced analysis

The advanced analysis of coal can be considered as non-standard coal analysis methods or
recently pioneered analysis methods for the characterization of coal. These methods
include: FTIR (used in this investigation), ss-NMR, HRTEM and XRD analysis of mineral as
well as amorphous coal fractions. These analysis techniques are discussed briefly in the

following sections, followed by a more detailed discussion on FTIR analysis.

2.4.1. Ss-NMR

Solid state carbon - 13 nuclear magnetic resonance (**C-NMR) spectroscopy has been used
for coal research from as early as 1976 (Van der Hart and Retcofsky, 1976) and is a rapid
non-destructive technique for acquiring the chemical structure of organic matter (Suggate
and Dickinson, 2004). Some of the parameters that can be obtained from ss-NMR include:
fractions of aromatic carbon, aliphatic carbon, protonated aromatic carbon, non-protonated
aromatic carbon, methylene carbon and methane carbon, methyl carbon, phenolic carbon,

substituted aromatic carbon and bridgehead aromatic carbon (Solum et al., 1989).
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2.4.2. HRTEM

The changes occurring in coal during combustion as well as gasification has been studied
using microscopy techniques such as high resolution transmission electron microscopy
(HRTEM). HRTEM was found to be among the most effective techniques (Sharma et al.,
1999) for interpreting the atomic structure of chars using lattice fringe imaging (Oberlin,
1989). Amongst others Furuta et al. (1989) developed techniques to show structural
changes occurring during gasification at 900 °C, and Zielinska-Blajet et al. (1997) compared
the structural information obtained from both XRD and HRTEM and found a qualitative

agreement between the two techniques.

2.4.3. XRD

X-ray diffraction (XRD) is very helpful in characterizing coal and in determining a structural
and compositional insight into coal. XRD is used to determine the mineral characteristics of
coal, as well as some of the characteristics of the amorphous fractions (Saikia et al., 2007).
Specific information that can be obtained from XRD analysis includes the average aromatic
cluster size and the stacking height of the aromatic clusters (Jones et al.,, 1999). More
general trends can also be shown by XRD characterization work done on coal. These
include the characterization of macerals, where the authors found that inorganic compounds,
like monohydrocalcite, transform differently for the various macerals while other compounds

like quartz are not transformed at all (Lin and Guet, 1990).

2.4.4. FTIR analysis

The properties of coal can be determined in real time using FTIR techniques. This real time
approach can make it easier to assess the quality of coal before it enters the industrial
process. This can greatly enhance the process control procedure implemented in the

industry, improving emissions control and quality control (Belbot, 2000).

The interpretation and prediction of coal properties by means of FTIR analysis has been
attempted by numerous researchers (Estep et al., 1968) (Bell et al., 1991) (Solomon and
Carangelo, 1988), validating the improvement and development of this technique for further

application. Researchers like Painter et al. (1981), Fuller et al. (1982) and Martin and Chao
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(1988) found that FTIR analysis can be used to extensively analyze coal in terms of
functional groups, hydrogen bonding characterization and structural changes occurring

during conversion processes.

As far as quantitative analysis is concerned, most of the research covers specific groups like
hydroxyl groups (Solomon and Carangelo, 1982) or aliphatic and aromatic groups (Solomon
and Carangelo, 1988) which only occur in distinct sections of the IR spectrum. To fully
guantify all the properties of coal it is suggested that the entire spectrum be considered to
describe the coal samples. However using the entire IR spectrum requires a combination of
thousands of variables that must rapidly be determined with considerable accuracy. This led
to the development of multivariate calibration methods (Bona and Andres, 2008) such as
multi linear regression (MLR); principal component regression (PCR); and partial least
squares regression (PLS) techniques (Alciaturi et al. (1996); Alciaturi et al. (1997)).
However, before these advanced processing techniques can be applied with confidence,
accurate spectra acquisition techniques have to be developed.

2.4.4.1. Comparison of FTIR spectra acquisition techniques

Bona and Andres (2008) did a study to compare the influence of different FTIR analysis
techniques. The techniques they investigated were transmission spectroscopy, diffuse
reflectance infrared Fourier transform (DRIFT) spectroscopy and attenuated total reflectance
(ATR) spectroscopy. The properties they used to compare the techniques included:
moisture, ash, volatile matter, fixed carbon, heating value, as well as the elemental

distribution of carbon, hydrogen, nitrogen and sulphur.

After the spectra had been acquired, different treatments were conducted on the spectra so
that the different acquisition techniques could be compared in a consistent and reliable way.
The samples were first analysed by standard methods to determine proximate and ultimate
analysis parameters, as well as heating values. These analyses were conducted on sample

sizes in the powder range (Bona and Andres, 2008).

Bona and Andres (2008) found that the best resolution to conduct FTIR experiments occur at
a resolution of 1 cm™; this increases the accuracy of predicting organic related coal
properties. The transmission spectroscopy samples were prepared by mixing the coal
sample with potassium bromide and pressing the pellet in a die using a pressure of 10
tonnes. The DRIFT samples were prepared by mixing the relevant coal samples with

potassium bromide and then placing these in a diffuse reflectance accessory, without
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pressing the coal into a pellet. Finally the ATR samples were placed on a diamond crystal
(creating close contact between the crystal surface and the coal sample) after which it was

scanned to obtain the necessary spectra.

The results found in this study showed that there is a significant difference in the spectra that
were obtained by the different techniques. The difference can be seen in Figure 2.1 obtained
from Bona and Andres (2008). The standard deviation was negligible when the effect of the
apparatus was calculated, indicating that the experiments have an excellent reproducibility
when considering the influence of the machine. However, parameters such as the physical
placement of the pellet or the sample cup in the FTIR apparatus, preparation techniques,

sample dilution etc. were found to have a significant influence (Bona and Andres, 2008).
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Figure 2.1: Comparison of spectra obtained from different acquisition techniques (Bona and Andres, 2008)

In general, good correlations were reported for properties concerning organic compounds
(fixed carbon, heating value, carbon and hydrogen content) with the transmission technique
performing slightly better. Even though the spectral positions of the different techniques
differ, the error for ATR was similar to that determined for the transmission mode, with the

advantage of very little sample preparation.

Diffuse reflectance infrared (IR) spectra show that transmittance intensities of hydroxyl
peaks (3700-3600 cm™) are influenced by the process of pressing the kaolinite into pellets to
perform the transmission infrared studies. Factors like absolute pressure, duration of
pressing and the salt mixture used (if any) affect the degree of influence on the IR

intensities. The use of KBr in the pellet pressing process shows a larger change in intensities
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than when pressing the sample neat. By using diffuse reflectance IR in kaolinite studies the
influence of pellet pressing is eliminated as this technique does not require sample pellet
pressing. With the diffuse reflectance technique kaolinites can more accurately be
distinguished by their hydroxyl group differences, leading to a better understanding of the

hydroxyl structures of kaolinite (Bell et al., 1991)

From the results obtained by Bell et al. (1991) it is thus clear that valuable structural
information can be lost when IR spectra is obtained from KBr pellets. It also showed that
using the diffuse reflectance method improves the accuracy of the spectra. On the other
hand a study by Martin and Chao (1988) preferred absorbance spectra rather than Kubelka-
Munk units due to the fact that some of the intensities of the latter are too weak to

analyse/resolve well.

2.4.4.2. Prediction of coal properties by using FTIR data.

Work done by Alciaturi et al. (1997) on bituminous coal demonstrated that certain coal
properties can be predicted using compressed infrared spectra. The properties they tried to
predict include volatile matter; fixed carbon; ash content; heating value; hydrogen content;
carbon content; sulphur content; nitrogen content; and maximum vitrinite reflectance. From
the studies done with compressed FTIR data it can be seen that good correlations were
found for maximum vitrinite reflectance, hydrogen, fixed carbon, carbon content, ash and
volatile matter, but poor correlations were found for sulphur content, nitrogen content and
heating values (Alciaturi et al., (1996); Alciaturi et al. (1997)). Furthermore the rest of the
properties can be determined with analysis appropriate for on-line systems. However, the
mineral part of the determination was not so accurate, but can be improved upon if the

minerals are known (Bona and Andres, 2008)

It was found that when using the osculating polynomials to obtain the reduced data, a better
correlation was found to predict coal properties than using second derivatives; in addition the
former method requires less computational time (Alciaturi et al., 1997). After the FTIR data
has been reduced, techniques like multi linear regression (MLR), partial least squares (PLS)
and principal components regression (PCR) are used to predict the coal properties. When
using the derivative DRIFT spectroscopy technique it was found that MLR was superior to
PCR in predicting the properties of coal. When using the osculating polynomial method, it
was found that the superior technique to predict coal properties was PCR (Alciaturi et al.,
1996).
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2.5. Combustion behaviour of coal

2.5.1. Introduction and overview

The combustion of coal particles can be seen as “arguably the most important reaction
known” (Ranish and Walker, 1993), and is involved in some of the largest industrial
technologies, including combustion and gasification of coal. Due the fact that the costs of
high-grade coals are continuously increasing, and considering the pressure of environmental

legislation, a more effective use of coal is desired (Schobert and Song, 2002).

The processes occurring during coal conversion include drying (release of the moisture),
devolatilization (release of the volatiles), immediate combustion of volatiles (due to the
influence of high temperature), and then char combustion (Zajdlik et al., 2001). Depending
on the reaction conditions these processes can occur chronologically or simultaneously
(Holikova et al., 2005). The combustion process is one of the most important parts during
coal conversion and can be seen as a non-catalysed gas-solid reaction (Zajdlik et al., 2001).
However, in low grade coals, the influence of minerals on the conversion rate cannot be
neglected. Several studies have demonstrated a catalytic effect of the minerals present in
the coal (Du et al., 1990) (Zhang et al., 1997) (Mendez et al., 2003).

The models used to model the combustion behaviour of coal are continuously increasing in
complexity, adding more and more variables to eliminate assumptions made in previous
models. Some of these improvements include fluid flow, heat transfer, and homogeneous
chemical reactions (Hurt and Calo, 2001). These parameters cannot easily be captured in
simple oxidation models. Although the combustion of coal can be modelled from the
fundamental properties of coal, semi-empirical models are normally used for the modelling of

coal combustion reactions (Szekely et al., 1976).

2.5.2. Combustion regimes

Tu and Davis (1934) found that combustion occurs in three regimes controlled by a
combination of transport processes and chemical reaction. The transfer between these
regimes changes at certain temperatures and particle sizes, and is dependent on intrinsic
reactivity and pore structure (Bailey et al., 1990). These three regimes were discussed in
detail by Walker et al. (1959).
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Regime I:

Conversions occurring in this regime are considered to be dominated by chemical reaction
controlling mechanisms. This regime is characterised by: a relatively low reaction rate
relative to the diffusion rate; small particles; very porous structures; and low temperatures
(below 500 °C). In this regime the oxygen will penetrate the porous chars faster than it can
be converted by the rate of reaction, producing a uniform oxygen concentration throughout
the particle (Walker et al., 1959). In this regime that total internal surface area is proportional

to the reactivity (Simons, 1983).

Regime Il:

At higher intermediate temperatures (approximately 500 °C — 800 °C) the reactant gas is
consumed by a reaction zone that does not extend to the centre of the coal particle; this
results in an unreacted core inside the particle. This regime is controlled by pore diffusion
mechanisms and is characterised by: fast reactions; low diffusion rates; and low porosity
particles (Walker et al., 1959). The diffusion rates for regime Il conditions include gaseous
diffusion rates within the pores as well as through the char wall (Simons, 1983), which are
controlled by parameters like particle wall thickness, total porosity and pore size distribution
of the char.

It has been shown that reaction surface area keeps increasing over time for high
temperatures due to the development of micro porosity, while the reactivity continually
decreases (Simons, 1983)(Tsai and Scaroni, 1987). This results from the fact that while
small pores contribute to the reaction surface area, the oxygen penetration is far less
prominent for the small pores when compared to the larger pores (Bailey et al., 1990). This
shows that macro porosity rather than micro porosity influences the char reactivity under

regime Il conditions (Bailey et al., 1990).

Regime lIl:

Regime Il characteristics occur at temperatures exceeding 800 °C, where the reaction rate
is significantly faster than the rate at which reaction gases penetrate the solid matrix. Under
these conditions the reaction occurs on the external surface of the coal particle and is
controlled by film diffusion effects (Walker et al., 1959). For large pulverized patrticles the

reactivity can strongly be controlled by oxygen diffusion through the boundary layer to the
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particle surface. This is controlled by the external dimensions and therefore indicates that

the particle size has a strong influence of char reactivity (Bailey et al., 1990).

2.5.3. Properties influencing combustion behaviour

The following sections discuss the various properties that influence the combustion
behaviour of coal. These properties include operation properties: temperature; gas mixture
concentration; and particle size. The discussion will also include the influence of certain

physical properties like particle density and pore size (distribution).

2.5.3.1. The effect of temperature

Previous work done on 7 — 10 mm particles indicates that the combustion reaction is
reaction controlled at low temperatures and diffusion controlled at high(er) temperatures. It
was found that the regime change occurred at temperatures between 530°C-550°C, but that
it was also dependant on the oxygen concentration of the inlet gas stream (Holikova et al.,
2005). Studies have also shown that diffusional control can occur at very low oxygen
concentrations if the temperatures are high enough, typically in the order of 800°C (Holikova
et al., 2004) (Remiarova et al., 2004). Other research also shows that for high quality
graphite particles (3 -13 mm) combusted at 1110 K the conversion process is mostly
controlled by oxygen diffusion to the particle surface while combustion at 985 K is controlled
by intraparticle transport as well as the kinetics of the char conversion reaction (Prins and
van Swaaij, 1990).

Holikova et al. (2005) found that if the oxygen concentration is low (<5% vol.) and the
temperature below 530°C, there is not enough oxygen surrounding the particle to ignite the
combustion reaction. Under these conditions there is a temperature oscillation during the
combustion reaction. This phenomenon occurs due to the fact that oxygen needs to be
accumulated in the pores on the surface, when enough oxygen has been accumulated the
reaction can ignite, consuming all the oxygen at the surface; this is then followed by an
increase in the particle temperature. After all the oxygen has been consumed new oxygen
needs to be transported to the surface, because the oxygen transport is slow, the reactions
slows down which is followed a decrease in the particle temperature. The increase of

temperature in the particle core can also be explained by the fact that the ash layer is not
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thermally conductive and thus contains the heat of combustion within the unreacted core,

causing the core to overheat (Sotirchos and Amundson, 1984)

2.5.3.2. Gas mixture variations

Holikova et al. (2005) conducted a study to determine the influence of oxygen concentration
on the combustion of 7 — 10 mm single particle coal chars. They found that the burnout times
for higher oxygen concentrations (10%, 15%, 21% volume based) were shorter than for the
lower oxygen concentrations (3% and 5% volume based). With higher oxygen
concentrations, and temperatures above 530°C, intense overheating of the particle core was
found to occur during the combustion reaction. With 21% oxygen, the core temperature rose
as high as 900°C. They further proposed that under these conditions endothermic reaction
between the solid carbon and carbon dioxide may occur. At the low oxygen concentrations
(<5% by volume) it was also found that the combustion rate was very low, and that there
was very little overheating of the unreacted core. It has also been shown that the carbon
surface reaction is very dependent on oxygen partial pressures (Jelemensky et al., 2000).

Higher grade coal is generally depicted as having a higher carbon content and lower ash
content. Even though total carbon conversion is expected (from carbon to carbon dioxide),
depending on the reaction conditions, a large amount of the product gas is actually carbon
monoxide. Due to this partial combustion, there is less heat released into the system.
Thermodynamically, the formation of carbon monoxide is suppressed at low temperatures,
typically lower than 400 °C (Pranda et al., 1999). The model proposed by Jelemensky et al.
(2000) showed that the model can accurately predict CO, and O, concentrations; however

the prediction of the CO concentration was unsatisfactory

2.5.3.3. The effect of particle density

Work done on coal particles ranging from 84 -135 um by Maloney et al. (2005) suggests that
the there is a broadening in both size and density distributions due to devolatilization as well
as combustion processes. It was also suggested that the higher density particles result from
particles with higher that average mineral content (Maloney et al., 2005), and that much of
the variation was due to variations in the particle-to-particle ash content. It has been shown

that high density coal fractions tend to be enriched with minerals such as pyrite and
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carbonates which could either occur as minute dispersed crystals or, in some cases, as

large, easily distinguishable, crystals (Mendez et al., 2003).

These density variations can, however, also be due to variations in maceral distribution. The
density of different maceral groups varies from heaviest to lightest in the order:
inertinite>vitrinite>liptinite (Borrego et al., 1997). The maceral distribution for different density
particles can result in different char forms occurring in the different fractions. This affects
particles parameters like char porosity. It has been shown that low density vitrinite rich
particles form very porous chars (Strezov et al., 2005), whereas the inertinite rich particles
tend to form much denser chars (Borrego et al., 1997). Gilfillan et al. (1999) also found that

the char wall thickness tended to increase as the density of the particles increased.

The variation of bulk mineral matter content is not the only consequence of density
separation. It has also been shown that there is a segregation of both minerals and
macerals, along with variations in the degree of association of macerals and inorganic matter
(Mendez et al., 2003). FTIR investigation into density separated particles revealed that the
aromatic aliphatic ratio tends to increase as the density of the particles increases. This is

due to the increase in the more dense macerals (Gilfillan et al., 1999).

2.5.3.4. The effect of particle size

It is well known that the char patrticle size greatly influence char combustion. This is mainly
due to parameters like uneven maceral distribution (Jones et al.,, 1985); heat transfer
coefficients at the particle surface; oxygen diffusion from the bulk gas stream to the particle

surface; intra-particle mass transfer; and combustion rates (He et al., 2003) (Smith, 1982).

Work done by Niska et al. (2003) showed that the dimensions of coal particles have an effect
on reaction controlling mechanisms and that the reaction rate (per unit surface area)
becomes independent of particle size when the overall reaction is reaction controlled, and
inversely proportional to particle size when the reaction is diffusion controlled. This was
confirmed by Wells and Smoot (1985) who found that the reaction rate is independent of
particle size at low temperatures, but is dependent on particle size at the higher
temperatures due to external diffusion effects (Liu, 1999). The dependence on particle size
and diffusion effects influences the transition temperatures between the different reaction
regimes, which can be linked to char porosity and reactivity (Bailey et al., 1990). It is also
believed that char reaction for particles smaller than 100 um are chemically controlled

(Essenhigh, 1976) as in the case of high temperature pulverized coal combustion boilers,
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while in the case of larger particle, lower temperature fluidized bed combustors, the char

reaction is controlled by diffusion mechanisms (He et al., 2003).

The effect of particle size on combustion can be attributed to maceral disproportionation
occurring during grinding as well as to the physical structure of the particle including
dimension and porosity. The size preference of macerals can be described by the difference
in maceral grindability, compressibility, hardness and others factors (Falcon and Falcon,
1987). From these factors it can be proposed that smaller particles will contain a higher
percentage of vitrinite, while the larger particles will tend to have a higher intertnite content.
Due to different maceral content, the particles will have different devolatilization behaviour,
and different reaction properties (Jones et al., 1985). Work done by Maloney et al. (2005)
showed that size reduction occurs in creating chars for particles of the range 84 to 135 um,

and suggests that the reduction is due to particle shrinkage or to particle fragmentation.

2.5.3.5. Ash content and its catalytic effect

Chen and Kojima (1996) found that the ash content of a char particle can significantly
influence combustion behaviour. Their work was conducted on granulated particles of
between 10 — 18mm with varying ash contents. They found that the particles with a higher
ash content burned with a lower peak temperature that rapidly decrease due to lower ash
porosity, and had lower ash layer diffusion coefficients. It was also concluded that the high
ash particle combustion was controlled by ash layer diffusion, except during the initial
stages. The particles with a lower ash content showed chemical reaction control at lower
temperatures, while it was observed that ash layer diffusion was the controlling mechanism
at higher temperatures, with the initial stages being controlled by film diffusion. Jelemensky
et al. (2000) went on to show that if the combustion occurs at low temperatures (350°C -

550°C) the ash layer does not form a shell on the geometrical surface of the particle.

Work done by Pranda et al. (1999) showed that alkali metal compounds decrease the
ignition temperature of the char particle and thus have a beneficial effect on the combustion
mechanism. In a related study the same authors (Pranda et al.,, 2001) showed that alkali
metal carbonates decreased CO formation in favour of CO, formation. The mineral matter
properties in coal can further be studied by adding the required component to the coal
matrix, as was done by Zhang et al. (1997). These coal burning additives (CBA) mainly
consists of metal and semi-metal oxides, including Mg, Fe, Mn, Al, Si, and B. The CBA is

usually in powder form. The results showed that the energetic value of the coal samples
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does not change when doping with the CBAs. It did however reveal that these additives
lowered the coal ignition temperature, and that doping with the additives could change the
course of the oxidation reaction due to catalytic effect. This was confirmed by an apparently
decreased activation energy, and by the acceleration of the combustion reaction of graphite.
These results indicate that the presence of these additives creates catalytically active

centres that are beneficial to the combustion reaction.

2.5.3.6. Surface properties and pore structure

Insight into reactivity can be gained from the pore structure of the coal particle, and how this
structure changes during the reaction. Studies show that the pore structure depends on the
origin and the pre-treatment of the coal (Remiarova et al., 2004), where pre-treatment may
include: drying, devolatilization, and heating of the particles (Holikova et al., 2005). . These
studies also show that the original pore structure of the coal has a bimodal pore distribution,
where nearly all the internal surface area originates from micropore (pore radius Ryoe < 1nm)
and mesopore (1nm < Rye <25nmM) regions and a significant amount of the total porosity is
made up of the large pores (Ryoe > 25nm) (Beveridge and Goldie, 1968) (Bhatia and
Perimutter, 1980).

The overall chemical reactivity depends on how easily the reactant gases can access the
internal surface area and is thus dependent on the porous structure of the coal. The
micropores might be less accessible to the gas reactants, unless the feeder pores are large
enough (Jelemensky et al., 2000). In conclusion, it was found that the porous structure was

closely linked to the process conditions.

The pore structure of coal can be studied through gas adsorption and mercury intrusion, as
was done by Jelemensky et al. (2000). The results have shown that the specific surface area
of the original coal particle is negligible. Devolatilization had a significant effect of the porous
structure of the coal particle, increasing the total porosity from 5% to 10%, and thereby
increasing the accessibility of the microporous region. Even though the core of the reacting
particle shrinks as the combustion reaction occurs, the core surface area properties do not
change significantly, however due to the consumption of solid carbon and an internal
temperature above 850°C results in an increase in the surface area of the micro- and
mesopore regions of the unreacted core was observed (Holikova et al., 2005). At low

temperatures and low oxygen concentrations, the pores between 10nm to 2000nm, opened,
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making the inside of the particle more accessible for reactant and product gas diffusion
(Jelemensky et al., 2000).

When the oxygen concentration is lower than 5%, the development specific surface area
was different for each temperature investigated. The results showed that at low
temperatures (lower than 550°C), the specific surface area was similar to the uncombusted
coal. The lack of internal structure change was attributed to the fact that the oxygen was

depleted at the ash —core interface.

2.5.4. Combustion modelling

The coal char particle combustion mechanism has been extensively studied and can be very
complex. The basic principle of combustion can, however, be characterized as a non-
catalysed gas-solid reaction (Szekely et al., 1976). Different combustion models have been
developed to describe the combustion of coal in the different combustion regimes. These
basic models include homogeneous-diffusion models (Molina and Mondragon, 1998) and
shell progressive models (Jelemensky et al., 2000) (Zajdlik et al., 2001). For homogeneous
diffusion models it is assumed that the reacting solid is very porous and that the reactant gas
diffusion rate is very high compared to the reaction rate. The homogeneous mode is typical
for regime | combustion. On the other hand the shell progressive model assumes that the
reactant gas reacts with the solid phase only on the external surface. In this case the
chemical reaction rate is much higher than the rate of diffusion of reactant gas through the
pores of the solid phase. The shell progressive behaviour is typically observed for regime Il

and Il combustion conditions.

When using the homogeneous model, the coal conversion reaction can be seen as a
homogenous reaction occurring in all the available space in the char, both on the external
and the internal surfaces of the particle. The homogeneous model does not consider
structural changes occurring during coal conversion and is one of the simplest models
proposed to describe char conversion reactions. The homogeneous model has been used
by various researchers to model the conversion of carbon including work done with steam
gasification and with gasification using supercritical water (Ishida and Wen, 1968) (Yang and
Watkinson, 1994) (Everson et al., 2005) (Vostrikov et al., 2007).

The shrinking core model is very well known and was first presented by Yagi and Kunii
(1955). This model considers reactions as taking place on the surface of the unreacted

centre of the particle. As the particle radius reduces during the reaction it might leave behind
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an ash layer which can offer resistance to the transport of reaction and product gases. It is
further assumed that there is little to no penetration or reaction within the unreacted core,

and that the reaction occurs only within a thin layer on the surface of the receding particle.

The shrinking core model incorporates all three separate controlling mechanisms. The first
controlling mechanism is the chemical reaction controlling mechanism where the chemical
reaction is the slowest step in the process. Under chemical reaction controlling conditions
the experimental conditions are such that neither the external mass transfer (high flow rates)
nor ash layer diffusion (low temperatures) act as controlling mechanisms (Szekely et al.,
1976). The characteristic equation describing the chemical reaction controlling mechanism

can be given as

PE 1
t=(m)(1—(1—xg}a) (2.1)

The above mentioned model does not account for changes in parameters like porosity and
surface area that may occur during the reaction of the chars.

The second controlling mechanism is the gas film diffusion controlling mechanism. Here the
transport rates of gases from the external gas stream to the particle surface area and vice
versa are slow enough to limit combustion reaction (Szekely et al., 1976). The characteristic

equation for this controlling mechanism can be given by

Ps
b=t )x
(BMBbkgCAgR;,) 5 (2.2)

The third controlling mechanism is the ash layer diffusion controlling mechanism where the
transport of reactant and product gases to and from the unreacted particle core through the
ash layer is controlling due to the transport resistance presented by the ash layer (Szekely et
al.,, 1976). The characteristic equation describing the ash layer diffusion controlling

mechanism can be given as

F"E'Ré =
t=|——— | 1-3(1—-X)3+ 2(1 - X
(5DECAngb)( ( 5)3 ( 3}) (2.3)

These controlling mechanisms can occur either independently or simultaneously. In the case
of simultaneous controlling mechanisms, the total reaction time can be determined by adding

the reaction times computed for the contributing controlling mechanisms (Levenspiel, 1999).
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CHAPTER 3: EXPERIMENTAL METHODOLOGY

3.1. Introduction

This chapter covers a description of the origin of the studied coal samples; of the
characterization techniques; and of the experimental apparatus. The chapter also contains
information on the methods and techniques used to accomplish the experimental results.
Section 3.2 gives a short description of the origin of the coal samples, while Section 3.3
explains the sample preparation. Section 3.4 describes the equipment used to prepare and
characterise the coal samples, and Section 3.5 contains details of the combustion
apparatuses and a process description of the entire setup. Section 3.6 explains the
combustion investigation methods and techniques in detail.

3.2. Origin of coal samples

South African coal is predominantly obtained from coalfields located in Mpumalanga,
KwaZulu-Natal, Limpopo, and the Free State. The three most important coalfields are the
Witbank, Highveld and Waterberg coalfields as these contain most of the country’s coal
reserves (Jeffrey, 2005). The Highveld coalfield is the second largest coalfield in South
Africa, and the coal from this field is either used by Sasol for the coal to liquids (CTL)
process to produce liquid fuels and other industrial chemicals (Barker, 1999), or for power
generation by the Matla and Kriel power stations. The original 250 kg sample used in this

study originated from the Highveld coal field.

3.3. Sample preparation

The ROM (Run of mine) coal obtained from the Highveld region was sent for preparation to
the laboratories at the South African Bureau of Standards (SABS). Prior to density
separation the entire 250 kg sample was sieved to remove the — 0.5 mm size fraction, as
these fines would significantly increase the time for sink float separation, and could affect the

reference density of the separating liquid.

27



The remaining sample was then density separated into the density cuts listed below using

sink/float techniques with TBE (tetrabromoethane).

<1l.4g.cm?

1.4g.cm®-1.6g.cm®

1.6 g.cm®-1.8g.cm®

1.8g.cm®-2.0g.cm®

>2g.cm?®

The density separated samples were then left overnight in a convection oven at 40 °C to

allow the particles to dry. The dried density cuts were then sieved according to the size

ranges listed below. Sieves of appropriate sizes were stacked on top of each other, with a

collection drum at the bottom to collect the smallest size.

+ 53 mm

-53mm to+ 25 mm

-25mm to+ 12.5mm

-12.5mm to+ 6.3 mm

-6.3mm to+ 3.35mm

-3.35mm to+ 1mm

-1Imm to+ 0.5 mm

This resulted in 35 samples, with each density set having the appropriate size range as

presented in Table 3.1. Each sample was then assigned an arbitrary identification number

ranging from Al — E7. Individual coal particles from these samples were hand selected in

order to conduct the combustion experiments in the large particle furnace.

Table 3.1: Sample identification grid

-53mm -25mm -12.5mm -6.3mm -3.35mm -Imm
+53mm +25mm +12.5mm +6.3mm +3.35mm +1lmm +0.5mm
F1l1l.4 Al A2 A3 A4 A5 A6 A7
F1.6 Bl B2 B3 B4 B5 B6 B7
F1.8 Cl C2 C3 C4 C5 C6 C7
F2.0 D1 D2 D3 D4 D5 D6 D7
S20 E1l E2 E3 E4 E5 E6 E7

After the sample preparation was complete, representative samples of each sample shown

in Table 3.1 were obtained using rotary splitters. The representative samples were then sent
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to the analytical laboratories at the South African Bureau of Standards (SABS) for
characterization analyses. These representative samples were also used to determine the
calorific values of the respective coals as well as to do analytical work in terms of FTIR

analysis.

3.4. Sample characterization equipment and procedures

In order to relate density and size properties of coal to the combustion behaviour of coal, the
characteristics of the different density and size separated coal samples had first to be
determined. The samples were characterised by proximate and ultimate analysis, calorific
value analysis and FTIR analysis methods. The density of the individual coal particles was
determined with the help of the specially developed density measurement apparatus which
is described in detail in Section 3.4.4. This characterization was done to show chemical
changes occurring over different density and size ranges. These characterization results

also shed some light on the variance of the constituents found in the coal samples.

3.4.1. Proximate and ultimate analysis

After the samples were density separated they were sieved to the appropriate sizes as
described in Section 3.3. No crushing was done on the ROM coal as the purpose of the
sieving was to determine the natural size distribution of the ROM coal. The obtained
representative samples were crushed to -75 um and left to air dry overnight before being
analysed according to the standard proximate and ultimate analysis methods. The size
distribution as well as the results from the proximate and ultimate analysis was thus obtained
from SABS.

The proximate analysis on the coal samples was done by the South African Bureau of

Standards (SABS) according to different standard methods as shown in Table 3.2.

Table 3.2: Proximate analysis methods as done by SABS

Inh. H20 SABS 925
Ash ISO 1171
Vol.Mat ISO 562
Fix.Carbon By Diff.
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The parameters determined by ultimate analysis are shown in Table 3.3, along with the

standard methods used to determine them.

Table 3.3: Ultimate analysis methods as done by SABS

Carbon ASTM 5373
Hydrogen ASTM 5373
Nitrogen ASTM 5373
Tot.Sulp ASTM D4239
Oxygen By Diff

3.4.2. Calorific value analysis equipment

The calorific experiments of the various coal samples were carried out in house to determine
the fuel value of the various density and size separated coal samples. The calorific value
work was conducted on a model MC10 bomb calorimeter supplied by Energy
Instrumentation. The bomb calorimeter is equipped with a computer that is used to record

the acquired calorific value data and to calibrate the bomb calorimeter.

The calorific value of the different coal samples was determined after the bomb calorimeter
was calibrated. The bomb calorimeter is calibrated by combusting a benzoic acid pellet in
the calorimeter and then adjusting the correction factor until the calorimeter yields the
appropriate calorific value. The calorific values of the different samples were determined by

measuring one (1) gram of coal sample and then combusting it inside the bomb calorimeter.

3.4.3. FTIR analysis

Selected samples were analysed and characterised using FTIR analysis techniques to
determine the chemical differences across the various density and size ranges. The FTIR
characterization analysis was done on a Bruker VERTEX 70 Series FT-IR Spectrometer
using the mid infrared region (MIR). A picture of the infrared equipment can be seen in

Figure 3.1.
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Figure 3.1: Bruker Vertex 70 FT-IR spectrometer

The spectrometer was further equipped with a DRIFT spectrometer. The DRIFT add-on
reduces sample preparation time and any effects that might occur during pellet preparation
techniques. The FTIR spectrometer was also fitted with a KBr beam splitter. FTIR analysis
was done on both the coal and char samples

The background sample was set to run for 300 scans while the sample was set to run for
400 scans with a resolution of 4 cm™. All the FTIR analysis work was done using the Diffuse
Reflectance Kit.

To prepare the sample 20-25 mg of coal or char (- 75 pm) was added to 200mg of KBr. The
sample was then mixed in a Wig-L-Bug automatic shaker for about 60 seconds after which
the sample was stored overnight under vacuum at a temperature of 60°C. The background
sample was prepared using the above-mentioned procedure, but without the addition of the
coal samples. Before analysis the coal/char samples and the background sample were
stored in different desiccators and the atmosphere in the desiccators was left to stabilise for

about 30 minutes.

3.4.4. Mercury density measurement

Due to the fact that conventional density measurement techniques like mercury intrusion
porosimetry are only capable of using small particle sizes, an apparatus that able to

measure the density of large coal particles without destroying or damaging the particles was
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developed. This apparatus can handle samples up to 60 mm in diameter. A diagram of the

apparatus can be seen in Figure 3.2.

Plunger

Container with mercury

Coal particle

Balance

Figure 3.2: Diagrammatic representation of density measurement apparatus

In this method, the particle is submerged in the mercury using the constructed plunger arm
as the particle will float due to the high density of mercury. As the particle is submerged in
the mercury, the reading on the balance will increase, and this increase in mass reading will

be used to calculate the density of the coal particle.

The mercury density measurement apparatus was used to measure the density of each
individual coal particle respectively. The information needed to calculate the density of the
coal particle can be obtained by measuring the mass of the coal particle, recording the mass
reading on the balance when the coal particle is submerged and recording the mass reading
when only the plunger arm is submerged. The density of the particle is then calculated using

the following equation.

- (75
o= mp — Mp; Pr (A.7)
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For the derivation of Equation A.7 refer to APPENDIX A. The technique was verified using
both a spherical marble, as well as an aluminium rectangle with known dimensions. The

verification calculations are shown in APPENDIX B.

3.5. Combustion apparatus

This section covers the combustion apparatus used to study the combustion of coal particles
with different density and size ranges. The main equipment includes the high temperature
horizontal tube furnace and the gas analysers used to measure the carbon dioxide and
carbon monoxide concentration. The following sections give a detailed description of the
setup of the experimental equipment.

3.5.1. High temperature horizontal tube furnace

A TSV15/50/180 horizontal tube furnace, supplied by Elite Thermal Systems Ltd, was used
for the combustion experiments. The furnace is capable of handling particles of up to 60 mm
in diameter, and can reach temperatures of up to 1500 °C at variable heating rates. A picture
of the horizontal tube furnace can be seen in Figure 3.3.

Figure 3.3: Picture of the horizontal tube furnace
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To accommodate the high operating temperatures, a Kanthal pipe was inserted into the oven
with the ends of the pipe customised and equipped with screw on caps that seal the ends.
This directed the gas flow to the gas analysers. The inlet side was also equipped with a
pressure gauge to monitor the pressure inside the furnace, and to indicate any blockage in
the gas line setup. The screw on caps accommodated a thermocouple entering from the side

to measure furnace temperature profiles, particle temperatures and gas feed temperatures.

The diagrammatic representation of the horizontal tube furnace setup is given in Figure 3.4,
which shows the temperature controllers connected to the furnace, as well as the

temperature controllers fitted to monitor particle temperatures and gas feed temperatures.

f Gasfoutlet Gas feed to
rom furnace C - furnace
T ]
T [ [
[ |
Moveable ‘ I ‘
thermocouple i
Over @J Main
temperature temperature
controller controller
1
|
|
L Temperature
controllers
C icati connected to
ommunication thermocouples
converter

Figure 3.4: Diagrammatic representation of the horizontal high temperature tube furnace

The furnace was equipped with a model 2416 Eurotherm main temperature controller and a
model 2116 Eurotherm over temperature controller. The furnace main temperature controller
was equipped with a serial communication port to allow remote control of the furnace and to
enable logging of the process variables. The details of the horizontal tube furnace are given
in Table 3.4.
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Table 3.4: Horizontal furnace ratings and settings

Model

TSV15/50/180

Maximum rated temperature (°C)

1500

Temperature controller

Eurotherm 2416

Over temperature controller

Eurotherm 2116

Supply 1PH+N+E
Voltage 230V
Frequency 50 Hz

Maximum Power rating 3600 W
Nominal weight 22 kg

To measure the temperature close to the particle during combustion the furnace was further
equipped with a K type thermocouple inserted from the side of the furnace through one of
the screw on caps. This thermocouple was connected to a temperature controller so that the
reading from the thermocouple could be recorded with the developed data acquisition
software. Furthermore the bucket used to hold the coal particle during the combustion
experiments was fitted to the thermocouple to allow the bucket to be moved inside the tube

by moving the thermocouple. A picture with the bucket connected to the thermocouple can

be seen in Figure 3.5.

. S

Figure 3.5: Bucket connected to the thermocouple

This thermocouple was also used to measure the temperature profile of the furnace to

ensure that the particle is at the correct depth inside the tube furnace before commencing
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the combustion experiments. This thermocouple was connected to a model DCL-33 Shinko
controller which was then connected to a Shinko model IF 400 multi-drop RS-485
communication converter which was connected, in turn, to a computer for temperature data

logging purposes.

To control the gas flow to the furnace the experimental setup was equipped with a Brooks
model 0254 mass flow controller. The mass flow controller setup was capable of monitoring
and controlling four different gas feeds to the furnace and was used both to measure the gas
flow rates entering the tube furnace, and to switch between the different feed gases during
experimentation. The horizontal tube furnace was used to char as well as to combust the

various coal particles.

3.5.2. Gas analysers

To measure the gas production rate during combustion the setup was fitted with a carbon
dioxide and a carbon monoxide gas analyser. An ADC model MGA 300 gas analysers using
IRGA (infrared gas analyser) optical benches to measure the gas concentration was used in
each case. The carbon dioxide analyser was able to detect gas concentration ranges
between 0% and 6%, whereas the carbon monoxide analyser was able to detect carbon

monoxide concentrations up to 7000 ppm.

To protect the gas analysers from both high pressure and the various heavy molecular tar
species evolving during the devolatilization of coal particles, the gas analysers were
connected to the exhaust gas stream using a depressurization bin. This was necessary due
to the fact that the analysers could be damaged by pressures as low as 0.3 bar (g). The
depressurization bin allows the exhaust gas to flow into an enlarged space while the internal
sample pumps inside the gas analysers continuously draw samples from the moving exhaust

gas stream.

During the devolatilization process the gas analysers had to be completely disconnected
from the exhaust gas stream because the cold trap cannot remove all the volatiles from the
gas stream; this was accomplished by removing the inlet sample lines from the

depressurization bin.
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3.5.3. Experimental process flow description

A horizontal tube furnace was used to create the char particles and to conduct the
combustion experiments in order to determine the reactivity of the chars with respect to
oxygen combustion. A diagrammatic representation of the experimental setup can be seen
in Figure 3.6. The mass flow controllers were used to accurately determine the flow rate of
the nitrogen gas during the heating period and the air flow rate during the combustion
experiments. The mass flow controllers were also used to calibrate the two gas analysers.
The gas was then fed to the furnace, where the particle was either devolatilised or
combusted, via the custom screw on caps. The exhaust gas was then sent through a tar trap
to cool and capture the tars that evolve during devolatilization and that might condense
inside the gas analysers. The exhaust gas then passed to the depressurization bin where
the two gas analysers were used to measure the carbon monoxide and carbon dioxide

production rates.

The furnace temperature was controlled with the main temperature controller, while the over
temperature controller was used to verify that the main temperature controller was
functioning properly. The thermocouple inserted from the side of the furnace was used to

ensure that the particle environment was at the required temperature.

All the necessary process variables, including the furnace temperature, the temperature
close to the particle, gas feed rates and the gas concentrations as monitored by the two gas

analysers, were monitored and logged using the created data logging software.
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Figure 3.6: Combustion apparatus flow diagram
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3.5.4. Data acquisition

In order to log the experimental data, software was created to read and log all the necessary
process variables during the experimentation period. This was done with Visual Studio
2005®, incorporating Microsoft Excel® as the storage destination. All the communication
was accomplished via serial port cables, utilizing USB to serial port converters to facilitate all

the connections.

To combine all the elements of the experimental setup, a communication breakdown was
needed to make them work together. Multithreading was used to facilitate all the elements so
that the reading and writing of different parameters could work in parallel. To speed up the
logging process all the variables or the process values were stored in virtual memory, and
only written to excel once a complete set of values had been collected. To accommodate alll
the reading and writing of parameters, logging was done every ten (10) seconds. The

communication breakdown can be seen in Figure 3.7.

WRITE READ
v |
CO2 cO2
4 0
co CcO
1  —
Mass 1 Mass 1
v J
ParticleT 1 ParticleT 1
Furnace T Furnace T —
> 0
Mass 2 < > Mass 2
v ¥
ParticleT 2 ParticleT 2
Mass 3 < |—> Mass 3
v J
Mass 4 |—> Mass 4 —

Figure 3.7: Communication breakdown for data acquisition
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This communication breakdown was used to show the order in which each piece of
equipment is interrogated. This was necessary because four mass flow controllers worked
through a single cable, while two temperature readings were read through a separate single
cable. For the mass flow controllers, one mass flow controller had to be interrogated for a
process variable, and this variable had to be read from the serial port before the second
mass flow controller could be interrogated. From Figure 3.7 it can be seen that each mass
flow controller was interrogated and read before interrogating the next mass flow controller.
Other equipment could be interrogated while waiting for the reply from one of the mass flow

controllers.

The graphical user interface for the created software can be seen in Figure 3.8. This
interface enabled direct communication with each piece of equipment in order to change

settings or to obtain other variables or current setting values.

Form1

COMs8 COMS COM1 COME COM7

Carbon Dioxide Carbon Monoxide Mass Flow Patticle Temp Fumnace Temp
[J co2 [Jco [ M1 M2[] M3 [] M4 2 O I 1 CFT
‘AKON AKON C 5C 0011PY

124KON 2 114KON 51.01,4,24019182.9 0 IPV621.0
0.01 2 350 0 0
0o 0000

Start Datalogging

Figure 3.8: User interface for data acquisition
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It can also be seen from this figure that the user was able to select which variables needed
to be logged from the experimental setup. The variables selected to be logged were then
collected by the software and written to Microsoft Excel® along with the date and a time

stamp.

3.6. Combustion investigation procedures

3.6.1. Sample selection

In order to handpick the appropriate samples for this study the density of each individual
particle had to be accurately determined. To accomplish this, random particles were chosen
within the weight range for particles in the required density range. The theoretical required
mass for 30 mm particles can be seen in Table 3.5. The theoretical mass of the particles
was calculated using the theoretical spherical volume of the required particle size and the
desired density needed for experimentation purposes.

Table 3.5: Mass calculation for 30 mm particles with different densities

Mass calculation

Density (g/cm?) 1.4 1.6 1.8 2.0
Mass (g) 19.79 22.62 25.45 28.27

The density of each particle was then calculated using the density measurement apparatus
discussed in Section 3.4.4. The weight of each individual particle was then reduced to have
an equivalent spherical diameter of 30 mm. This is done by chiselling off the protruding

edges. The particles could then be charred with a known parent coal density.

The possible particles were inspected for any abnormalities, including extensive cracking, or
clear rock like fragments that could influence the density. If any of these abnormalities were

found to be present the particle was discarded.
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3.6.2. Coal charring methods

The particles selected in Section 3.3 were then charred. To accomplish this the particles
were, with the help of the bucket connected to the thermocouple, placed inside the horizontal
tube furnace to a depth determined by constructing an accurate temperature profile over the
length of the furnace. The particles were then charred at 1100°C under a nitrogen
atmosphere. The particles were heated at 15°C/min to minimize particle breakage as a high
heating rate leads to significant cracking of the larger particles. After the particles reached
the required temperature, they were left for 45 minutes. The furnace was then turned off to
allow the particles to cool down under a nitrogen atmosphere. As soon as the furnace
temperature reaches 100°C the chars were removed and weighed. The nitrogen flow rate

during charring was set to 5 NI/min.

3.6.3. Combustion experiments

After the charring of the different particles was completed the charred particles were
combusted. With the help of the bucket that is connected to the thermocouple, the charred
particles were placed inside the furnace at the depth determined from the temperature
profile. The particles were then heated to the required set temperature (1000 "C) at a heating
rate of 15°C/min. When the particles reached the required temperature the particle was kept
under nitrogen for an additional 20 minutes to ensure isothermal conditions in the particle.
The gas feed was then changed to an air flow rate of 10 NI/min so that the particle
combustion could commence. Both the carbon dioxide and carbon monoxide production rate
were recorded with the custom logging software. As soon as gas concentration reached no
significant reading anymore, it is assumed that combustion was complete and the reactor
was shut down and allowed to cool. As soon as the furnace temperature reached 100°C the

remaining ash weight was measured.

3.7. Commissioning of experimental equipment

3.7.1. Gas production rate

For the combustion experiments, particles with different densities and sizes were heated and

were then combusted in an air stream. As a means of measuring the degree of conversion of
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the coal particle both the carbon dioxide and the carbon monoxide production rate were
monitored. In general it was found that the carbon monoxide production rate was
significantly lower than the carbon dioxide production rate. The carbon monoxide production
yielded an initial concentration in the exhaust gas in the range of 80 to 120 ppm while the
carbon dioxide concentration ranged from 3.5% (vol) to 6% (vol). The carbon conversion due
to carbon monoxide production accounts for less than 0.01 % of the mass loss. Due to the
low carbon monoxide production during combustion it was decided that the carbon monoxide

production can be assumed to be negligible.

The low carbon monoxide production rate is supported by work done by Ragland and Yang
(1985) who studied the oxidation behaviour of four different coals with gas temperatures
ranging from 900-1200K and particle diameters ranging from 4 — 12mm. They found that
carbon dioxide concentration in the effluent gas varied as the oxidation rate changed and
that the observed carbon monoxide production rate was steady but also significantly lower
than the production of carbon dioxide

3.7.2. Conversion of gas concentration data to mass loss data

The carbon conversion of the combusting particle was monitored throughout the
investigation by measuring the concentration of carbon dioxide and carbon monoxide in the
exhaust gas stream. The feed stream flow rate was controlled by the mass flow controllers to
ensure that the flow rate of air passing the particle remained constant. As mentioned earlier,
the carbon monoxide production rate was determined to be insignificant. Only the carbon
dioxide concentration over time profile was therefore used to monitor carbon conversion.
This carbon dioxide concentration over time profile was then used to calculate the mass loss
due to carbon conversion. A typical carbon dioxide concentration over time graph for a 30
mm low density particle (density = 1.357 g.cm™) combusted at 1000 °C is shown in Figure
3.9. The graph in Figure 3.9 is constructed from the raw data collected from the gas
analysers using the developed software and Microsoft Excel ®. The raw data for the

individual experiments can be seen in APPENDIX C.
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Figure 3.9: Typical carbon dioxide concentration over time profile

During the combustion experiments the air flow rate was set high enough to ensure that the
carbon dioxide concentration remained within the detectable range of the carbon dioxide
analyser. The gas analyser measured the concentration of the carbon dioxide as a volume
percentage of the exhaust gas. Working under the assumption that one molecule of oxygen
forms one molecule of carbon dioxide, the volume of gas entering the tube furnace was
assumed to be the same as the volume of gas leaving the tube furnace. The developed
logging software was set to measure the gas reading on the gas analyser every ten
seconds. Using the carbon dioxide concentration readings, along with the known flow rate,
the average volume of carbon dioxide in the exhaust stream was calculated at every ten
second interval. This was done by transforming the analytic integral of the area under the
concentration curve (Equation 3.1) into a numerical integration formula as can be seen in
Equation 3.2.

E
ml €0, = [,/ Cro Fair dt (3.1)

mlCO = ) Cap, Eur (t2— ) (32)
=0
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The molar amount of carbon dioxide produced for every ten seconds was then calculated by
using the ideal gas law to convert the volume of carbon dioxide produced for the ten second
interval into the corresponding molar amount. By assuming that each mole of carbon dioxide
produced corresponds to a mole of reacted carbon, the amount of reacted carbon was
calculated by multiplying the molar amount of carbon dioxide by the molecular mass of
carbon. This yields the mass of carbon that has reacted for every ten second interval.
Cumulatively adding the amount of converted carbon from every ten second interval yielded
the total amount of carbon converted during the combustion process.

3.8. Materials used

The coal sample used was a typical Highveld coal prepared according to the process
described in Section 3.3. These samples were then charred at 1100 °C and combusted at
1000°C to determine their characteristics and combustion properties.

During the experimental methodology several gases were needed to achieve the
experimental outcomes of this study as well as to setup and adequately operate the
experimental equipment. These gases are shown in Table 3.6. All the required gases were

supplied by Afrox (African Oxygen Limited).

Table 3.6: Gases used during the experimental methodology and their functions

Gas Composition
Air 79 % Nitrogen, 21 % Oxygen
Carbon dioxide mixture 4 % Carbon dioxide, balance nitrogen
Carbon monoxide mixture 1 % Carbon monoxide, balance carbon dioxide
Nitrogen Purity > 99.999 %

Several chemicals were used to perform the experimental methodology and to ensure that
the experimental equipment functioned at an optimal level. These chemicals and their

functions are listed in Table 3.7.
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Table 3.7: The chemicals used during the experimental setup and their functions

Chemical Function
e Mercury was used to measure the density of the coal
particles with the use of the developed density measuring
Mercury

equipment. Due to the hazards of working with mercury, all

the experiments need to be done in a vacuum chamber.

Potassium bromide
(KBr)

Sodium bromide was used in conjunction with the FTIR
analysis of the parent coal, as well as the chars. The sodium
bromide was used to dilute the coal sample so that the
sample doesn’t fluoresce when being analyzed with the

FTIR equipment

Soda lime granules

Soda lime granules are used to remove residual carbon
dioxide from the carbon dioxide analyser. These granules
are initially light green and turn brown when they react with
carbon dioxide
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CHAPTER 4: RESULTS AND DISCUSSION: CHARACTERIZATION
RESULTS

4.1. Introduction

This chapter contains the results obtained from characterization analysis done on the
acquired coal samples. Section 4.2 examines the size and density distributions obtained for
the prepared samples while Sections 4.3 and 4.4 discusses the results obtained from
proximate and ultimate analyses respectively. Section 4.5 presents the calorific values for
the various coal samples and Section 4.6 briefly presents the obtained petrographic results.
Section 4.7 reports on the results obtained from sample characterization by means of FT-IR
analysis. Finally, Section 4.8 summarises the findings obtained from the characterization of

the coal samples.

4.2. Size and density distribution

The size and density distribution obtained from the initial sample preparation can be seen in
Table 4.1. Each density fraction was separated into the various size fractions showing each
size fraction as a weight percentage of that particular density fraction. From the Table it can
be seen that the mass distribution concentrates between the +6.3 mm and the -53 mm
particle size range as well as within the - 3.35 mm to + 0.5 mm range suggesting a type of

bimodal distribution.

Table 4.1: Fractional size and density distribution of coal samples

+53mm -53mm -25mm -12.5mm | -6.3mm | -3.35mm -Imm Cumulative
+25mm | +12.5mm | +6.3mm | +3.35mm +1mm +0.5mm (%)
F14 2.66 18.52 20.89 19.75 13.2 17.76 7.22 100
F16 8.17 17.92 21.07 19.24 11.89 16.42 5.29 100
F1.8 | 19.00 12.3 20.21 17.58 11.43 15.03 4.45 100
F2.0 | 2049 16.04 19.79 16.28 9.95 13.11 4.34 100
S2.0 5.00 2411 25.39 18.02 10.01 12.83 4.64 100
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It can also be seen from Table 4.1 that, apart from the F 2.0 and F 1.8 fractions, the +53 mm
content is relatively low when compared to the other size ranges. This indicates that the +53
mm size range tends toward the heavier densities. This can be due to a high mineral content
in this size fraction which could make these particles more resistant to breakage. It is also
interesting to note that the -6.3 mm to +3.35 mm size range is consistently lower over the
whole density range. It was also observed that the S 2.0 density fractions consisted of flat
shale like particles with a more greyish colour when compared to the more rounded shiny
black F 1.4 density particles.

4.3. Proximate analysis

Proximate analysis results consist of the percentage of inherent moisture, ash content and
volatile matter content determined according to the standard methods listed in Table 3.2.
Due to the fact that the samples were both density and size separated, each individual
analysis yields an array of results. The inherent moisture results can be seen in Figure 4.1.
The inherent moisture is a result of the weight loss observed when the coal particles are
heated to about 105 °C.

10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

Total weight %

-53mm -25mm -12.5mm -6.3mm -3.35mm -Imm

+
>3mm +25mm +12.5mm +6.3mm +3.35mm +1lmm +0.5mm

mF14 55 5.0 54 5.7 6.0 7.4 7.8
HF16 5.3 4.5 5.2 5.4 5.4 6.5 7.9
mF18 3.6 4.3 4.2 4.6 5.2 7.0 9.1
mF2.0 2.9 3.6 3.3 3.3 4.1 6.6 7.1
ms2.0 1.7 2.2 2.1 2.9 3.9 6.5 6.9

Figure 4.1: Inherent moisture analysis results (%) as received basis
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From Figure 4.1 it can be seen that the lower density fractions have a higher inherent
moisture content, and that the smaller particles contain more inherent moisture. It has been
shown that the inherent moisture in coal can influence char yield and reactivity depending on
the devolatilization conditions (Yi et al., 2007).

The volatile matter content analysis results can be seen in Figure 4.2. The volatile matter
content also shows a decrease as the density increases. It also shows that there is no

significant variation in the volatile matter content across the size range.

35.0
v 30.0
%ﬂ 25.0
o 200
3 150
S 100
= 5.0
0.0
+53mm -53mm -25mm -12.5mm -6.3mm -3.35mm -Imm
+25mm +12.5mm | +6.3mm +3.35mm +1mm +0.5mm
mF1l4 32.2 30.5 30.4 30.6 30.3 29.8 28.9
mF16 25.4 22.6 24.3 23.0 22.3 22.8 22.5
mF1.8 219 19.5 19.7 18.9 19.5 18.0 15.0
mF2.0 23.3 15.7 14.5 15.6 16.3 16.4 17.3
ms20 10.2 11.9 12.3 12.7 154 14.0 17.1

Figure 4.2: Volatile matter content analysis results (%) as received basis

The volatile matter content in coal is a collection of gases that evolve when the patrticle is
heated to about 900 °C in an inert atmosphere. The individual components of volatile matter
are hard to separate and quantify and are therefore all combined under the term ‘volatile
matter’ (Schobert, 1990). Previous research has shown that the volatile matter decreases as
the density increases (Strezov et al., 2005).

The ash content analysis results can be seen in Figure 4.3. The ash content of coal is

indicative of the amount of minerals present in the parent coal.
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mF1l4 6.5 8.2 8.5 7.9 7.7 8.2 8.9

mFl6 15.3 15.3 16.3 16.0 16.2 15.4 15.4

WF1.8 34.6 338 334 31.9 31.2 30.2 27.8

mF2.0 42.9 45.1 51.7 49.8 48.4 46.6 42.5

ms2.0 82.0 71.9 71.9 70.9 68.3 64.7 58.0

Figure 4.3: Ash content analysis results (%) as received basis

From Figure 4.3 it can be seen that the ash content increases significantly as the particle
density fractions increase from -1.4 g.cm™ to +2.0 g.cm™ but that the ash content of the
different size fractions remains relatively constant with the exception of the highest density
fraction. The observed increase in ash content as the density increase has been noted by
Strezov et al. (2005) and the relative consistency of ash content over the different size
ranges has also been previously observed (Shannon et al., 2009). The resulting amount of
ash is not necessarily equal to the original amount of mineral matter, as the ash represents
the products formed from the high temperature reactions of the inorganic material. These
reactions include the loss of water from clay like minerals, loss of carbon dioxide from

mineral carbonates, conversion of pyrite to Fe,O3 and other oxides of sulphur (Riley, 2007)

The fixed carbon content analysis results can be seen in Figure 4.4. The fixed carbon
content can be calculated by subtracting the moisture content, volatile matter content as well
as the ash content from the original mass of the parent coal sample.
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+53mm -53mm -25mm -12.5mm -6.3mm -3.35mm -Imm
+25mm +12.5mm | +6.3mm +3.35mm +1mm +0.5mm
mF1l4 55.8 56.8 55.7 55.8 56.0 54.6 54.4
mF16 54.0 56.6 54.2 55.6 56.1 55.3 54.2
mF1.8 39.9 42.4 42.7 44.6 441 44.8 441
mF2.0 30.9 356 30.5 313 31.2 30.4 331
msS2.0 6.1 14.0 13.7 13.5 14.4 14.8 18.0

Figure 4.4: Fixed carbon content analysis results (%) as received basis

It can be seen from Figure 4.4 that the fixed carbon content decreases significantly as the
density increases, and that the fixed carbon content remains relatively constant across the
different size ranges. Work done by Strevoz et al. (2005) has also shown that the light
densities have the same carbon content, but that the carbon content decreases significantly
as the density increases to medium and high density fractions.

4.4. Ultimate analysis

For the ultimate analysis the percentage carbon, hydrogen, nitrogen and total sulphur were
determined by the standard methods listed in Table 3.3. The ultimate analysis represents the
elemental composition of the organic material in coal in terms of carbon, hydrogen, nitrogen,
sulphur and oxygen (Riley, 2007)

The percentage carbon analysis results can be seen in Figure 4.5, which shows the total

amount of carbon present in the parent coal sample. This includes the carbon present as
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fixed carbon and the carbon present as volatile matter. All the carbon in coal occurs in

combined form and can be present as very complex organic compounds or as mineral

carbonates of which calcite is the most abundant component (Riley, 2007).
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+53mm -53mm -25mm -12.5mm | -6.3mm -3.35mm -Imm

+25mm | +12.5mm | +6.3mm | +3.35mm +1mm +0.5mm

mF1l4 72.60 71.77 69.96 67.72 66.78 64.64 63.29

mF16 62.09 63.16 62.07 62.18 61.78 60.49 59.62

mF1.8 46.19 47.57 48.00 48.83 47.92 47.04 47.34

mF2.0 37.03 38.20 32.61 33.07 3291 32.80 36.24

ms20 8.99 15.83 15.37 15.53 16.09 17.04 21.61

Figure 4.5: Carbon content analysis results (%) air dried basis

From Figure 4.5 it can be observed that the carbon content decreases significantly as the
density increases and that the carbon content stays relatively constant over the size
variation. This can be expected as the fixed carbon content and the volatile matter content

showed similar trends.

The hydrogen content analysis results can be seen in Figure 4.6. All the hydrogen in coal
occurs in combined form and can be part of very complex organic compounds (Riley, 2007).
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Figure 4.6: Hydrogen content analysis (%) air dried basis

As can be seen from Figure 4.6 the hydrogen content decreases as the density increases,
but remains relatively constant over the size range with only slightly lower hydrogen content

observed in the smaller particles.
The nitrogen content analysis results can be seen in Figure 4.7. The nitrogen content can be

from either nitrogen containing volatile content (Nelson et al., 1991), or from nitrogen

containing mineral content (Riley, 2007).
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Figure 4.7: Nitrogen content analysis results (%) air dried basis

As with the hydrogen content the nitrogen content shows a significant decrease as the

density increases, along with relatively little variation over the size range.

The total sulphur content analysis results can be seen in Figure 4.8. Sulphur is assumed to
occur in three forms in coal: organic sulphur compounds; inorganic sulphides, which are
mostly the iron sulphides, pyrite and marcasite; and as inorganic sulphates. The total sulphur
value is used for ultimate analysis (Riley, 2007). The analysis done on the samples
determines the total amount of sulphur making any predictions as to the origin of the sulphur

inaccurate.
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ms2.0 0.44 2.84 4.53 3.79 5.45 4.21 2.47

Figure 4.8: Sulphur content analysis results (%) air dried basis

Figure 4.8 shows no clear trend across the density ranges, but does however show that the
sulphur content stays relatively constant across the size range. From the results it can also
be seen that the high density particles contain significantly more sulphur when compared to
the lower density particles. Previous work has shown that the highest density fractions in
density separated samples tend to be enriched in pyrite and carbonates (Mendez et al.,
2003). The higher pyrite concentrations in the high density fractions can be attributed as the
source of the higher sulphur content in these fractions.

The oxygen content analysis results can be seen in Figure 4.9. The oxygen content includes

the oxygen from oxygen-containing aliphatic groups, as well as oxygen released from the
decomposition of mineral matter at the elevated temperatures of the analysis (Riley, 2007).
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Figure 4.9: Oxygen content analysis results (%) air dried basis

From Figure 4.9 it can be seen that the lower density particles tend to have higher oxygen
content when compared to the heavier densities. It was also observed that the smaller
particles contain more oxygen than the larger particles. Research has shown that the smaller
the particles are more prone to oxidation at room temperature. The higher oxygen content of
the smaller particles may therefore be due to the fact that they oxidize more readily than the
larger particles. This behaviour was explained by the particles’ different surface-area-to-
volume ratios. Initially the outer surface of the particle is attacked and oxidized and as the
oxygen diffuses into the particle the rest of the particle can react (Tevrucht and Griffiths,
1989).

4.5. Calorific value analysis

A gross calorific value analysis was also done on the all of the samples. The calorific value
analysis results can be seen in Figure 4.10. The calorific value of coal is used to define its
energy content with respect to different requirements, e.g. defining its energy potential,
determination of appropriate pricing and to properly design and operate thermal systems
(Akkaya, 2009).
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Figure 4.10: Gross calorific value analysis results (MJ/kg)

The calorific values obtained for the samples shows a similar trend to that of the carbon
content analysis. This is to be expected as the caloric value is an indication of the energy of
combustion of the carbon content. From the results shown in Figure 4.10 it can be observed
that the calorific values of the highest density particles is significantly less when compared to
the other lower density particles. This has the implication that the value of the coal can be
greatly improved if the coal is beneficiated to remove the heaviest fraction, however this

improvement will also increase the amount of discard.

4.6. Petrographic analysis

The petrographic analysis results of the same Highveld coal with identical density cuts are
obtained from Koekemoer (2009) and are shown in Table 4.2 representing work done on
1mm patrticles.
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Table 4.2: Maceral content of density fractions (Mineral matter free, based on volume %) (Koekemoer, 2009)

Maceral group S20 F20 F1.8 F1.6 F14
Vitrinite 18.2 8.4 5.2 9.4 34.7
Liptinite 0 2.3 4.3 7.0 6.3

Reactive SF 4.5 51 0.8 5.3 4.8
Inert SF 13.6 11.2 21.7 39.2 35.8
Fusinite 0 2.3 1.9 0.2 1.9
Micrinite 0 3.3 1.4 1.7 2.5

Reactive Inerto 0 1.9 0.8 1.7 0.6

Inert Inerto 63.6 65.4 63.9 35.4 13.3
Total inertinite 81.8 89.3 90.5 83.6 58.9

Inerto: Inertodetrinite, SF: Semi-fusinite

Inertinite is the most abundant maceral in all the density fractions followed by vitrinite, with
very little liptinite content present in the various density fractions. The maceral content of the
different density fractions shows an increase of total inertinite content from fraction S 2.0 —
F1.8 which then decreases from fraction F1.6 — F 1.4. The vitrinite content for the different
density fractions shows the opposite trend to that of the inertinite content, showing a
decrease from fraction S 2.0 — F1.8, followed by an increase in the last two fractions. The
lowest density fraction (F1.4) contains the most vitrinite, almost double the amount of the

next highest vitrinite content.

4.7. FTIR analysis

Diffuse reflectance Fourier transform infrared (DRIFT) spectra were obtained for selected
samples with a low, medium and high density (Figure 4.11 - Figure 4.13). The influence of
each density was investigated over three different size ranges. The influence of different
particle size ranges was also investigated with each size range being investigated over three
different densities (Figure 4.14 - Figure 4.16). Drift spectra have a flat baseline when
compared to the sloping baseline in KBr pellet spectra, and with its well-resolved bands it is
the preferred spectra for qualitative analysis. Qualitative interpretation of the DRIFT spectra
were based on work done by Fuller et al. (1982), Machnikowska et al. (2002) and Painter et
al. (1981).
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Figure 4.11: Drift spectra and peak assignments for small particles with different densities
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Figure 4.12: Drift spectra and peak assignments for medium particles with different densities
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Figure 4.13: Drift spectra and peak assignments for large particles with different densities

The spectra for the different densities (Figure 4.11 - Figure 4.13) contained aliphatic (3000 to
2800 cm™) and aromatic (3100 to 3000 cm™) C-H stretching modes. The aliphatic stretching
mode is more prominent in the lowest density fraction and consists of three different peaks.
The 2950 cm™ shoulder peak was assigned to asymmetric CHs vibrations, 2920 cm™ to
asymmetric CH, vibrations and 2850 cm™ to symmetric CH, and CHj vibrations. The 1600
cm™ band was assigned to the C=C stretching vibrations of aromatic rings (Painter et al.,
(1981), Painter et al. (1983)). The C=C stretch vibration peak intensity was consistently the
lowest for the high density particles while the medium density particles had the most
prominent C=C stretch vibration peak intensity. The shoulder peak observed on the left-hand
side of the C=C stretching vibration was assigned to C=0 stretching. The C=0 stretch mode
for the three densities was well defined and showed two C=0 stretching shoulders (~1650
cm™ and ~1730 cm™). This suggests that various types of C=0 groups (esters, ketones,
aldehyde or —COOH or a combination of these groups) may be present. A CH, and CHjs
band vibration (1450 cm™) was also observed in the spectra, but with weak intensities in the
high density particles. Strong intensity bands were observed in the 1300 to 1110 cm™ region
and were assigned to ether groups, and to C-O stretch and O-H bending vibrations in
phenoxy structures. It was found that this region was more prominent in the high density

fractions, followed by the medium density fractions with the low density fraction having the
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smallest peaks. Out-of-plane aromatic C-H vibration modes were observed in the 900 to 700
cm™ region. The difference in intensity of these peaks (860 cm™, 815 cm™ and 750 cm™)
indicated coal particles of different densities have very different substitution patterns in their

aromatic structures.

The regions between 3700 cm™ and 3100 cm™ were assigned to O-H stretching vibrations
and are due to free OH groups and associated OH groups (hydrogen bonding due to OH).
Infrared spectroscopy can provide information regarding the type of hydrogen bonding
present in coal which is not possible with other spectroscopic methods (Chen et al., 1998).(Li
et al., 2003). The interpretation of the O-H stretching region can be obscured by moisture
and mineral matter contributions to these peaks. (Machnikowska et al., 2002) (Chen et al.,
1998). The types of associated OH groups that may be present are: free OH groups (3611
cm™); OH—1r hydrogen bonds (3516 cm™); self associated OH-OH bonds (3400 cm™); OH—
ether hydrogen bonds (3300 cm™); cyclic OH groups (3200 cm™); and OH—N acid/base
structures (3100 — 2800 cm™) (Machnikowska et al., 2002) (Li et al., 2003) (Painter et al.,
1987). Strong peaks were observed in the 3700 cm ™ — 3600 cm™ region which was most
likely contributed by free OH groups and OH-1T hydrogen bonds. The rest of the region (3500
cm™ — 3100 cm™) was assigned to a combination of the various hydrogen bonds.

The spectra for the different particle size ranges with the same density are given in Figure
4.14 - Figure 4.16. Each figure shows the particle size ranges on different axes otherwise

the individual spectra cannot be adequately distinguished.
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Figure 4.14: Drift spectra and peak assignments for different particle ranges with a low density
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Figure 4.15: Drift spectra and peak assignments for different particle ranges with a medium density
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Figure 4.16: Drift spectra and peak assignments for different particle ranges with a high density

The spectra as depicted in Figure 4.14 - Figure 4.16 show the various peak assignments
made for the individual peaks that were discussed previously. When the spectra for the
different size ranges with a constant density are compared, it can be seen that there is no
significant difference in the FTIR properties when the particle size range changes from small
to medium to large particles. The most prominent feature is that the peaks and their
intensities in the 900 cm * to 700 cm™ region do not change as the particle size range
changes. This suggests that the substitution patterns of the aromatic structures are similar

for all the different particle sizes.

Drift spectra were obtained for char particles with different densities created at 1100 °C and
are presented in Figure 4.17. When compared to the parent coal particles the intensities of
the peaks for the char particles are very weak. The weak spectra were enhanced by
removing the 600 to 400 cm™ region that showed very strong intensities that were mainly

contributed by the mineral content present in the char patrticles.
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Figure 4.17: Drift spectra and peak assignments for char particles of different densities

Apart from the weak intensities it can be observed that the lowest density fraction has the
strongest CH, and CHs; bend vibration peak (1450 cm™), followed respectively by the
medium and high density char particles. While the out-of-plane aromatic C-H vibration
modes (900 cm™ to 700cm™) for the parent coal samples consisted of three peaks (860 cm™,
815 cm™ and 750 cm™), the lowest density char samples were observed to have only two
peaks, with the medium and high density chars having only one peak. This suggests that the
substitution patterns of the aromatic structures are considerably more similar than in the
case of the parent coal samples. The most significant observation from the FTIR analysis
conducted on the different density char particles is that the different density char particles

are chemically more similar after charring than prior to charring.

4.8. Summary

The original Highveld coal sample was separated into various coal samples with different
density and size ranges. These coal samples were characterized using proximate analysis,

ultimate analysis, calorific value analysis and FTIR analysis to determine the characteristic
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difference occurring due to different particle densities as well as different sizes. It was
observed that the high density particles tended to be greyish and more shale like in nature
when compared to the shinier black rounded low density particles. The inherent moisture
content present in the coal particles decreased as the density increased and tended to be
higher in the smaller particle ranges. The volatile matter and fixed carbon content also
decreased as the density of the particles increased but showed a relatively even distribution
across the different particle size ranges. As expected, the ash content present in the coal
samples significantly increased as the particle densities increased. From the ultimate
analysis it was found that the carbon, hydrogen and nitrogen content in the coal particles
decreased as the density increased with a relatively even distribution across the size ranges.
Very high sulphur content values were observed for the high density particles, while it was
found that the smaller particles tended to contain a higher amount of oxygen. The main
finding with regards to the calorific analysis was that the high density particles have a very
low heating value, and that the overall coal sample value would be improved by removing
the high density patrticles.

Petrographic analysis obtained from Koekemoer (2009) showed that inertinite is the most
abundant maceral followed by vitrinite, and that there is very little liptinite present in the
samples. It also showed that the lowest density fractions (F 1.4) contain the most vitrinite,

almost twice the amount present in the sample with the next highest vitrinite content.

FTIR spectra showed that density separated coal particles differ significantly, and that these
different density particles have different aromatic structure substitution patterns. It further
showed that the properties of size separated coal particles tend to have similar FTIR
characteristics. FTIR analysis conducted on char particles created at 1100 °C suggested
that char particles created from particles with different parent coal densities tend to become
chemically more similar after charring. It was also found that the aromatic structure

substitution patterns become more similar due to charring of the coal particles.

The characterization of the different coal samples has shown that all the parameters were
significantly different for the different density fractions, but did not vary as significantly across

the particle size ranges.
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CHAPTER 5: RESULTS AND DISCUSSION: COMBUSTION
PERFORMANCE

5.1. Introduction

This chapter discusses the combustion performance of single coal particles with different
densities and sizes. Section 5.2 presents visual observations of the combustion behaviour of
large single coal particles and covers aspects such as the shattering of the single coal
particles and the visual observations made regarding the resulting ash and ash
characteristics when considering the influence of parameters like particle size and density.
This section also presents the shrinking core behaviour that has been observed for the large
particles. Section 5.3 examines the quantitative combustion conversion results as a function
of particle density and particle size. Section 5.4 gives a summary of the results and

observations obtained from the combustion performance of single coal patrticles.

5.2. Visual observations of single particle coal combustion

5.2.1. Shattering of coal particles

While heating the coal particles for devolatilization it was observed that the 30 mm patrticles
tended to fragment at a heating rate of 50 °C/min, less shattering was observed at a heating
rate of 25 °C/min, while only the medium to high density (1.6 — 2.0 g/cm?®) particles tended to
shatter at the lower heating rate. At a heating rate of 15 °C/min, very little particle shattering
was observed and this heating rate was consequently used for all the experimental work. It
was found that the shattering of the particles was accompanied with extensive cracking.
Primary fragmentation usually occurs during devolatilization, and is caused by thermal stress
as the internal pressure is built up by the volatile matter in the porous network (Stubington
and Moss, 1995). At the higher heating rate the pressure inside the particle will build up
faster, resulting in more primary fragmentation. The higher density fractions might have a
denser pore network, which might prevent the evolved gases from escaping the particle,

leading to a pressure build up and primary shattering.

After the particles were heated and devolatilized the particles were cooled in a nitrogen

atmosphere and then weighed to determine the mass loss that occurred due to the release
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of volatiles. The particle was then placed back inside the tube furnace, and was then heated
to the required combustion temperature. It was observed that none of the coal particles
showed any signs of shattering upon reheating. This supports the previous finding that
primary fragmentation is caused by pressure build up of devolatilization gases inside the

particle.

5.2.2. Ash forms and characteristics

As the various density fractions contain different amounts of ash it can be expected that
particles with different densities will behave differently during combustion. Some typical ash

forms are shown in Figure 5.1, and it can be seen that different ash forms are formed.

(a)Fl4gcm?

(b) F1.8 g.cm™ ;
(c)S2.0g.cm’

Figure 5.1: Various ash forms obtained from different densities

The first type (a) is a porous ash that easily disintegrates upon touching and is typically
found for the low density coals (F 1.4). The second type (b) is also porous but has a stronger
structural integrity with some cracking and is typically found for the middle density coals (i.e.
F 1.8). The third type (c) is a solid ash with little to no cracking that needs considerable force
to break, and is typically found for the most dense coals (S 2.0).
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Figure 5.2: Uncombusted particle core of a 30 mm particle with a density of 2.094 g/cm3

Combustion experiments with the densest fraction showed a particular feature: an example
of a 30 mm particle is shown in Figure 5.2. This particle was left to combust until the carbon
dioxide analyzer no longer detected significant levels of CO,, indicating that the combustion
reaction has finished. After removing the particle from the furnace it was found that the
particle has not completely reacted. It can be seen from the figure that the centre of the
particle still contains unreacted carbon. A possible reason for this phenomenon may be the
large amount of minerals that encapsulate the carbon in the centre of the particle so that the

oxygen cannot easily reach this part of the particle.

The sink on 2.0 g.cm? fractions yielded another interesting result which can be seen in
Figure 5.3. This figure shows the part of the particle that was left after the particle reached
full conversion according to the carbon dioxide analyzer and after the white ash was

removed.
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Figure 5.3: The melted mineral remains of a 30 mm particle with a density greater than 2.0 g/cm3

It can be seen that some of the mineral content of the particle conglomerated to form a solid
particle that is very hard. The original particle probably contained a low density carbon
fraction along with the high density mineral part. Matjie and van Alphen (2008) studied the
ash from lump coal gasification and also found that some of the particles formed glass-like
lumps containing glass and anorthite (CaAl,Si,Og). The glass part primarily consisted of
Ca/CaMg/Fe — bearing aluminosilicate glass with varying proportions of Ca, K, Ti, Fe, P and
Mg.

It was found that if the equivalent particle diameter is 60 mm, and if the particle density is 1.6
g.cm®, then the combustion reaction might not reach full conversion. The typical ash from
such a particle is shown in Figure 5.4
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Figure 5.4: The ash formed from combusting a 60 mm particle at 1000 °C

It can be seen from Figure 5.4 that the ash has considerable structural integrity and that the
ash shows some cracking. When it was broken, the ash particle shown in Figure 5.4
revealed that the combustion reaction had in fact not reached completion. The opened ash

can be seen in Figure 5.5

Figure 5.5: The unreacted core of a 60 mm particle combusted at 1000 °C
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The fact that the 60 mm particle did not reach full conversion indicates that as the ash layer
thickness increases, so the diffusion resistance also increases to a point where the
resistance becomes too great to facilitate diffusion of reactant gas to the unreacted core. It
was therefore decided to do the combustion rate experiments with 20 mm, 30 mm and 40

mm particles.

5.2.3. Shrinking unreacted core behaviour

The combustion of 30 mm particles (density = 1.6 g.cm™) at 1000 °C was stopped at various
intervals into combustion. When these particles were opened it could be seen that the
combustion followed shrinking unreacted core behaviour. It can be seen that the core stays
unreacted as the reaction progresses and that the central unreacted core shrinks as the
reaction progresses. This behaviour is shown in Figure 5.6. The time required for each
interval was determined by reading the time values required for 25, 50 and 75 % conversion
respectively from Figure 5.7.

Figure 5.6: Photographic representation of the shrinking unreactive core model at various stages of conversion (0-100%)

Remiarova et al. (2004) observed this behaviour in 5 mm particles combusted at 650 °C,
and Holikova et al. (2005) also observed it for 10 mm particles at the same temperature.
They found that the reaction immediately consumes the oxygen at the sharp ash-core
interface, and concluded that combustion at 650 °C is controlled by either external diffusion,
or ash layer diffusion or a combination of the two controlling mechanisms. On the basis of
these findings the shell-progressive or shrinking core type models were used for modelling

purposes.

71



5.3. Effect of coal properties

5.3.1. The effect of coal skeletal density

The influence of particle density on the combustion reaction at 1000 °C can be seen in
Figure 5.7. All the runs for density variation were done on particles with an equivalent
spherical radius of 30 mm. The combination of the individual experiments can be seen in
APPENDIX D.
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Figure 5.7: Effect of particle density on the combustion of 30 mm particles at 1000 °C

It was observed that the density of the particle has a significant influence on the combustion
rate of coal. It can clearly be seen that the lower density particles (density = 1.354 g.cm®)
react the fastest, while the higher density particles take longer to reach full conversion. The
faster reaction of the lower density particles can be explained by their higher vitrinite content,
which burns at a higher rate than inertinite (Falcon and Falcon, 1987). It can also be noted
that the highest density (density = 1.859 g.cm™) does not follow the trend as would be
expected. This deviation might be due to the hard ash properties of the residual combustion

matter presenting high diffusion resistance; the different shape of the particles; or maceral
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disproportionation occurring in the coal samples; a slower ignition due to higher heat-

absorbing mineral-ash content.

5.3.2. Effect of coal particle size

The effect of particle size on the combustion reaction can be seen in Figure 5.8 which shows
the effect as the particle radius is increased from 20 mm to 30 mm to 40 mm. The

combination of the individual experimental work can be seen in APPENDIX D.
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Figure 5.8: Effect of particle size on combustion at 1000 °C

From this figure it can be observed that the larger particles take longer to reach full
conversion. Work done by Tevrucht and Griffiths (1989) showed a similar trend when the
oxidation reaction was controlled by diffusion mechanisms rather than reaction controlling
mechanisms. Diffusional effects were also observed for particles as small as 1-4 mm at 1500
K (Essenhigh, 1991) and it was shown by other researchers that air combustion of 24 mm
carbonaceous patrticles at 800 K was ash layer diffusion controlled (Wang and Wen, 1972). It
was also shown for lignite cylinder (2.5 cm diameter, 6 cm long) combustion in air that the
burning rate varied inversely with ash layer thickness, and that the burning rate can be

predicted by assuming effective ash layer diffusivity (Park and Edgar, 1987). During diffusion
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controlled coal conversion processes smaller particles will oxidize more rapidly due to a
higher surface area to volume ratio (Tevrucht and Griffiths, 1989). The variation of
conversion times for the various coal sizes could also be partly due to a maceral
disproportionation. The smaller particles might have a higher vitrinite content, which burns
faster than the inertinite that would tend to concentrate in the larger particles (Falcon and
Falcon, 1987).

5.3.3. Effect of temperature

The lower temperature experiments were conducted at 950 °C using 30 mm particles with a
density of 1.650 g.cm™. The effect of temperature on the combustion of these 30 mm
particles can be seen in Figure 5.9. The combination of the individual experiments can be
seen in APPENDIX D.
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Figure 5.9: Effect of temperature on the combustion of 30 mm particles
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It was observed from Figure 5.9 that the decreased temperature does not affect the reaction
time for the combustion reaction of 30 mm particles with similar densities, which strongly
indicates that the conversion process is not controlled by the chemical reaction, but by
diffusion. It can also be proposed that the 30 mm particles have similar maceral/mineral
compositions at a density of 1.6 g.cm™, such that they will be inertinitic with a relatively low
mineral content suggesting that the controlling factor might be controlled by the difficulty to
ignite the inertinite.

5.4. Summary

Quialitatively understanding the influence of different parameters on coal combustion will
help to indicate which parameters require further, more detailed investigation in order to
develop models or correlations that can quantitatively describe and predict the influence of

the most pronounced parameters.

Extensive fragmentation of the coal particles was observed at heating rates of 50 °C/min,
while only medium to high density fractions tended to shatter at a lower heating rate of 25
°C/min. Using a heating rate of 15 °C/min showed very little fragmentation and was
consequently used for the experimental work. As the resulting ash from the combustion runs
stayed intact, it was possible to assess whether the particles shattered upon reheating the
particle to the combustion temperature. No fragmentation of the char particles was observed

after the coal particles were charred, cooled and reheated to the combustion temperature.

From the visual observations it was found that the low density particles yield a very porous
ash, while the high density particles yield a very dense and hard ash particle that only breaks
when significant force is applied. It was also seen that high density particles can either yield
ash particles that are consistently white ash that may not combust completely, leaving an
unreacted core at the centre of the patrticle, or yield very hard glass-like solid particles. It has

also been observed that large particle combustion follows the shrinking core mechanisms.

The quantitative results showed that density has an effect on conversion rate, and that the
low density particles required less time for full conversion than did the high density particles.
It was also found that the temperature does not affect the conversion time required for 30

mm particles indicating diffusion controlling conversion mechanisms.
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CHAPTER 6: RESULTS AND DISCUSSION: MODELLING OF
EXPERIMENTAL DATA

6.1. Introduction

This chapter covers the modelling done with the obtained experimental data. The shrinking
unreacted core model was chosen to model the experimental data. Section 6.2 discusses
the observations that led to the decision to use the shrinking unreacted core model, and
Section 6.3 presents the modelling results obtained by fitting the model to the obtained
experimental results. Finally Section 6.4 contains a summary of the results and conclusions

obtained from the modelling of the experimental data.

6.2. Determination of appropriate model and controlling mechanisms

As mentioned earlier in Section 2.5.4, there are various models that can be used to model
the combustion of coal particles. These models include, amongst others, the homogeneous
model (Molina and Mondragon, 1998); the shrinking unreacted core model (Szekely et al.,
1976); and the random pore model (Bhatia and Perlmutter, 1980).

For this study it was concluded that the most appropriate model to use in modelling the
experimental results is the shrinking unreacted core model. This was determined as the
combustion of several 30 mm coal particles combusted at 1000 °C visually progressed
according to shrinking unreacted core behaviour (Figure 5.6). Models from the literature
assume that the reaction occurs at a sharp interface at the unreacted core surface
(Levenspiel, 1999) (Szekely et al., 1976) as can be seen in Figure 5.6. Research showing
that at 985 K oxygen can penetrate a relatively pure graphite sphere up to a depth of 1.5
mm, while at the higher temperature of 1110 K oxygen only achieves penetration of about
0.25 mm (Prins and van Swaaij, 1990) confirms the sharp interface assumption. This
research also indicates that for the larger 12mm particles the oxygen penetration remains
relatively constant throughout combustion. Another important conclusion from this visual

progression is that the unreacted core remains in the centre of the patrticle.

According to the shrinking unreacted core model, the rate of reaction can be controlled by
either of three regimes. These controlling regimes are gas film diffusion control; ash layer
diffusion control; and chemical reaction control (Szekely, 1970). The characteristic equations

for the different controlling mechanisms are derived in APPENDIX E.
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For gas film diffusion control the characteristic equation is given by Equation E.21.

_ Ps

] P R ¢
(EMBMQCAQR;,) 5 (E-21)

For ash layer diffusion control the characteristic equation is given by Equation E.31.

_ PE‘R% 2
t—(ﬁﬂﬂ%wb)(i 3(1—-Xg)3+2(1 XB}) (E.31)

And finally for chemical reaction controlled mechanisms the characteristic equation is given
by Equation E.35.

Pg :
£ — (MJ(i -(1- XB}H) (E.35)

The conversion functions for the three controlling regimes can be seen as the part of the
equation involving the conversion of the coal particle. For the three controlling regimes, gas
film diffusion control, ash layer diffusion control and chemical reaction control, the separate
conversion functions can be given by the following three equations respectively.

f(X}Gﬂsfi!mdz’ffmion control = AB

f(X}HSh layer diffusion control = (1 - 3(1 - XB}E + 2(1 - XB}) (E36)

1
f(X}Chmim! reaction control — (1 - (1 - XB}E)

As can be seen from Equations E.36, the characteristic equations can be linearised by
plotting the conversion function f(X) of each controlling mechanism against time. If any of the
controlling mechanisms are the only controlling factor the resulting plot for the particular
controlling function should be linear. The plot of the characteristic conversion functions for

the 30 mm particles with a density of 1.357 g/cm?® can be seen in Figure 6.1.
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Figure 6.1: Characteristic conversion function plot for shrinking core controlling mechanisms.

Figure 6.1 shows that the conversion function for chemical reaction control yields the most
linear relationship when plotted against time. This perhaps indicates that combustion at 1000
°C is chemical reaction controlled. However, research by Szekely (1970) suggests that at
such high temperatures the controlling mechanism should either be gas film diffusion
controlled at low flow rates, or ash layer diffusion controlled if the combustion reaction
produces an ash layer. The results for varying temperatures (Figure 5.9) also fail to support

a chemical reaction controlling conversion.

Due to the fact that neither the gas film diffusion nor the ash layer diffusion control
conversion functions give linear correlations, it is most likely that the overall controlling

mechanism is a combination of gas film and ash layer diffusion control.

6.3. Combustion modelling results

Modelling the combustion results with the shrinking unreacted core model involves solving
both the external mass transfer coefficient as well as the effective ash layer diffusion

coefficient by using Equation E.37.
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Both parameters are solved by means of a least square fit by fitting the model curve to the

experimental data. By solving both parameters the modelling curves shown in Figure 6.2 can

be obtained.
—SUCM + Density = 1357 —SUCM + Density = 1440
10 1.0 -
—_ 09 N e — 09 S casatd
X o8 // < s //"'
c 07 c 07
O o0s el O o6 W
E 05 // E 0.5 //
O 04 7 O 04 7
g 03 rd 2 o3 7
O 02 / O 02
(& 01 o 0.1
00 : : . : : . . : 0.0 : : : :
0 20 40 60 80 100 120 140 160 50 100 150 200
Time {min) Time (min)
(a) (b)
—SUCM  + Density = 1620 —SUCM ¢+ Density = 1850
1.0 1.0 L 24
09 :
< 03 / ’>-<" 0.8 /
?_<- ’ / ~ 7 /
c 07 o = O Pt
O 06 O 08 P
B oos v ¥ os
v o4 / g 0.4 //
E 03 /s € o3
S o // S o
0.1 0.1
0.0 : : . : ‘ 0.0 ‘ : ‘ ‘ :
4] 50 100 150 200 250 50 100 150 200 250
Time (min) Time (min)
(c) (d)

Figure 6.2: Model fits for different densities by solving both diffusion parameters

It can be seen from Figure 6.2 that by solving both external mass diffusion as well as

effective ash layer diffusion the model gives a very good fit. The solved external mass

transfer coefficient values are shown in Table 6.1.
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Table 6.1: Fitted mass transfer coefficients for different densities of 30 mm particles

Density (g/cm’) ke (m/s) x 10°
136 12.5
1.44 7.9
1.62 7.6
1.85 9.2

The trend observed for the solved external mass transfer coefficients clearly shows that the
external mass transfer coefficients are not constant, as literature would suggest, for the
different 30 mm particles. However, they are all of the same magnitude. This variation is
perhaps due to the fact that the particles are not spherical, which could affect the surface
area available for gas diffusion. Averaging the mass transfer coefficient for the different
densities gives a mass transfer coefficient of 9.3 x 10° m.s™. The theoretical mass transfer
coefficient can be calculated from the Sherwood number which in turn is calculated using the
Reynolds number and the Schmidt number. The calculation of these values can be seen in
APPENDIX F.

The mass transfer coefficient is dependent of the characteristic length of the particle, which
in this case is the particle diameter. This means that each particle size will have a
characteristic mass transfer coefficient. The calculated mass transfer coefficients for the
various particle sizes can be seen in Table F.1, and it is observed that the fitted values are in
the same order as the theoretical ones, but systematically lower. This can mainly be

attributed to the non-spherical nature of the coal particles that were used.

The fitted effective ash layer diffusion coefficients for 30 mm particles with different densities
can be seen in Table 6.2. The obtained effective diffusion coefficient values are in good
agreement with results from literature (Froberg and Essenhigh, 1978) (Chen and Kojima,
1996) showing ash layer diffusion coefficients in the range of 8 -15 x 10° m?.s™ for particles

sizes ranging from 12 — 17 mm using high ash content samples.
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Table 6.2: Fitted effective ash layer diffusion coefficients for 30 mm particles with different densities when solving both

diffusion parameters

Density (g/cm?)

D. x10° (m?%/s)

1.36 5.01
1.44 4.57
1.62 3.69
1.85 2.66

The trend observed for the effective ash layer diffusion coefficient can be seen in Figure 6.3.
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Figure 6.3: Graphical representation of the fitted effective ash layer diffusion coefficients as a function of density

Figure 6.3 shows that the effective diffusion coefficient decreases as the particle density

increases, indicating that the heavier densities have larger ash layer diffusion resistances, a

trend that was also observed by Chen and Kojima (1996). Work on high purity carbon

spheres showed that above 1270 K the controlling mechanism was boundary layer diffusion

(Froberg and Essenhigh, 1978) which supports the finding that a decreasing influence of ash

layer diffusion can be seen as the particle ash content decreases. The decrease in particle
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ash content results in coal particles with a higher carbon purity which in turn results in more

porous ash that offers less resistance to gas diffusion.

Solving both external mass transfer as well as effective ash layer diffusion of the size ranges
also gives a very good fit. The resulting fits for solving the model to fit the experimental data

with a least squares fit can be seen in Figure 6.4.
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Figure 6.4: Shrinking core model fits to experimental data for particles of different sizes when solving both parameters

The values obtained from solving the external mass transfer coefficients are shown in Table
6.3. The values obtained for the external mass transfer coefficients are of the same

magnitude than those obtained for the variation in density.
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Table 6.3: Fitted external mass transfer coefficients obtained for different sizes when solving both parameters

ks (m/s) x 10° ks (m/s) x 10°
Particle size (mm)
(Solved values) (Calculated values)
20 104 60.2
30 7.6 454
40 6.1 37.3

The trend shown in Table 6.3 shows an almost linear decrease in external mass transfer

coefficients as the size of the particles increase from 20 mm to 40 mm.

Values calculated from the theoretical equations shown in APPENDIX F, indicate that the
external mass transfer coefficients should decrease in line with the obtained trend as the
particle size increases. The solved external mass transfer coefficients were, however, found
to be smaller than the calculated values, but were of the same magnitude. A decrease in
mass transfer coefficients as the particle size increased has also been observed for fluidized
bed combustion using particles as large as 12 mm (Prins and van Swaaij, 1990). From the
fits obtained in Figure 6.4 the solved effective ash layer diffusion coefficients can be

obtained, and are given in Table 6.4.

Table 6.4: Fitted effective ash layer diffusion coefficients for different sizes

Particle size (mm) D. x10” (m?/s)
20 2.4
30 3.6
40 3.5

The observed trend shows that ash layer diffusion coefficients are all of the same
magnitude. The smaller value obtained for the 20 mm particle is perhaps due to the inter

relation between the solved mass transfer coefficient and the effective ash layer coefficient.
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6.4. Summary

From the modelling results it can be shown that large coal particles exhibit shrinking
unreacted core behaviour during combustion. This was found to be the case for density
separated as well as sizes separated coal particles. The experiments conducted at a
decreased temperature suggested that the controlling mechanism was a combination of
external gas diffusion and effective ash layer diffusion. While the mass transfer coefficient for
30 mm particles calculated from literature gives a slightly higher value than when solved
from the modelling of experimental data, the two values are still of the same magnitude. The
effective ash layer diffusion coefficient for 30 mm particles was found to decrease linearly as
the particle density increased, indicating that as the density increases the effect of ash
diffusion control becomes more prominent. It was also determined that for the variation of
coal particles sizes the external mass transfer coefficients decreased as predicted by
literature. The solved values were, however, found to be smaller but still of the same
magnitude. Finally it was observed that effective ash layer diffusion was more dominant in
20 mm particles than what it was in 30 and 40 mm particles.
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS

7.1. Conclusions

From the characterization results is was found that the high density particles tended to be
shale like and more grey when compared to the more rounded black low density particles.
Moisture content of the different coal particles decreases as the densities increases, but was
more likely to concentrate in smaller particles. The volatile matter and fixed carbon
decreased as the coal density increased, while both had a relatively even distribution across
the size ranges. It was also found that mineral content increased significantly as particle
density increased.

From the ultimate analysis perspective it was determined that carbon content, hydrogen
content and nitrogen content decreased as density increased with a relatively even
distribution of the different size ranges. The high sulphur content observed in the high
density particles was attributed to the higher pyrite concentrations in these particles. It was
also observed that the smaller particles had a higher oxygen content. Calorific value analysis
showed that the high density fraction had a very low heating value and that the overall
sample value would be improved by removing the high density fraction.

FTIR investigations of the coal samples indicated that the properties of density separated
particles differ significantly, and that the aromatic substitutions occurring on the aromatic
structures also differ with density separation. This investigation also showed that the FTIR
characteristics of size variations of large coal particles tend to be similar. The FTIR analysis
determined that the chemical properties of char particles created from density separated
particles at high temperatures tend to become more similar, and that the aromatic

substitution patterns also tend to become similar.

The characterization of the different coal samples has shown that all the parameters were
significantly different for the different density fractions, but did not vary as significantly across

the particle size ranges.

From the qualitative observations it was determined that extensive fragmentation occurs for
large particles at heating rates of 50 °C/min, and that the fragmentation behaviour was only
observed for the medium to high density particles when the heating rates was reduced to 25
°C/min. When the heating rate was further reduced to 15 °C/min very little fragmentation was

observed. No fragmentation was observed when the particles were reheated after charring.
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It was observed that the low density coal particles produced very porous ash residues with
poor structural integrity, while the high density particles produced a very dense ash residue
that required significant force to break. High density particles can pose a significant
resistance to ash layer diffusion effects as it was observed that some high density particles

contained unreacted particle cores after several hours of combustion.

The quantitative results also showed that density has an effect on the time to full conversion
of 30 mm particles, and that the lowest density particles required less time for full conversion
than the higher density particles. The smaller particles react faster than the larger particles

and the reaction is diffusion controlled.

It was found that temperature did not affect the conversion time required for 30 mm patrticles
and that the shrinking unreacted core model can be used to model combustion behaviour.
The mass transfer coefficients were found to be in accordance with values found in literature
and the effective ash layer coefficient was, further, found to become more prominent as the
particle density increased. It was also found that the fitted values for external mass transfer

coefficients were following the trend predicted by literature.

7.2. Recommendations

Work on the core temperature of the particle during combustion is recommended as this
work would enhance the understanding of the coal particle behaviour during combustion.
This can be accomplished by inserting very thin thermocouples into the particle to evaluate

the combustion temperature inside the particle as combustion progresses.

To get better resolving data from the FTIR spectra on the coal char particles, it is suggested
that the char particles be demineralised to reduce the effect that mineral matter has on the
peak intensity contributions. Due to the possible influence the demineralisation process can
have on the properties of coal another option would be to obtain more ‘pure’ particles from
the dull or bright bands in a seam as opposed to using the ROM coal. This work would show

minor differences in coal char particles more clearly.

It is recommended that petrographic analysis be conducted on the different particle ranges
to determine if the petrographic composition of different large sized particles varies
considerably. The petrographic properties and distribution should also be determined for the

different density ranges in order to determine the influence of different macerals found in
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coal. This information could then be incorporated into the combustion behaviour of large coal

particles.

It is also recommended combustion work be done on large particles at lower temperatures.
This could show where the regime changes occur in larger coal particles. This will allow a

better understanding of large scale coal utilization processes.
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APPENDIXA: MERCURY DENSITY FORMULA DERIVATION

To calculate the bulk density of the coal particle from the apparatus the Archimedes principle
is used to convert mass measurements to density measurements. The general equation for

density is given as

My,

Pp = 77
P Va (A.2)
Where
Py is the density of the particle
m, is the mass of the particle

V, is the volume of the particle

The Archimedes principle states that ‘a body immersed in a fluid will be buoyed up by a force
equal to the weight of the fluid displaced’. The mathematical formulation of the principle is

given as
fs = gp;V (A.2)
Where
Fg is the buoyancy force
g is the gravity constant
p: is the density of the fluid

V is the displaced volume

Furthermore three measurements need to be taken to accomplish the density calculation
these, shown in the following diagram, are: the mass of the particle; the immersed mass of

the particle and the plunger; and the immersed mass of the plunger only.
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e L

Figure A.1: Measurements needed for the density calculation

A

From the mass readings given in the three situations shown in Figure A.1 the three required

measurements can be made.

From reading A the weight of the particle can be calculated

Wo = Mo (A3)
Where
W, is the weight of the particle
m, is the mass of the particle
g is the gravity constant
From reading B the immersed weight of the particle and the plunger can be calculated
Wr = meg (A.4)
Where
WE is the downward force needed to keep the particle immersed
me is the mass reading due to the force to counter at the buoyancy
g is the gravity constant
From reading C the immersed weight of the plunger can be calculated
Wp = mpg (A.5)
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Where

Wh, is the downward force to keep the plunger immersed
my is the mass increase due to the plunger

g is the gravity constant

From these measurements it can be shown from Archimedes principle that

W= Fs + E;

F— BT Te (A.6)
Combining Equations A.2 and A.6, and solving, first, the volume of the particle with Equation
A.1, and second the density of the particle, it can be shown, after some simplification, that

the density of the particle can be calculated as

=
Pp= My — Mp; Pf (A7)

99



APPENDIXB: MERCURY DENSITY VERIFICATION

Using Equation A.7 the density of each specific particle can be calculated. To verify this

technique two samples with known densities were tested. The density of the glass marble

was determined by measuring the mass and the diameter of the glass marble, while the

density of aluminium is known. The calculated density values for the two samples are very

close to the true density values, showing that the technique is adequate to determine the

densities of the individual coal particles.

Table B.1: Verification results for the density measurement apparatus

Marble Aluminium
Diameter 34.5 mm Mass (m,) 10.7 g
Mass (m,) 53.5 g True density 2700.0 | kg/m®

Volume

21500.9 | mm®

Calculated density (pp)

2695.1 | kg/m®

True density

2486.0 | kg/m®

Density of mercury (pr)

13590 | kg/m?®

Calculated density (pp)

2484.4 | kg/m®

Mass reading for submersion of:

Density of mercury (px)

13590 | kg/m?®

Mass reading for submersion of:

Marble (mg) Plunger (mgp)
#1 342.0 49.7
#2 341.8 49.6
#3 342.1 49.7
#4 341.8 49.4
#5 342.1 49.5
Avg. 342.0 49.6

100

Aluminium (mg) Plunger (mp))
#1 103.45 49.6
#2 103.36 49.7
#3 103.39 49.5
#4 103.47 49.5
#5 103.45 49.7
Avg. 103.4 49.6




APPENDIXC: EXPERIMENTAL RESULTS
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Figure C.1: Raw data of different density particles
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Figure C.2: Raw data of different size particles
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APPENDIX D :

REPEATABILITY OF EXPERIMENTAL WORK
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Figure D.1: Repeatability of density variation work
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APPENDIXE: DERIVATION OF THE SHRINKING UNREACTED CORE

MODEL

The shrinking unreacted core model is an isothermal model used to describe a process

where a solid particle reacts with a gas to form a gas product while leaving an ash layer on

the surface of the unreacted core. The diagrammatic representation of the reaction scheme

can be seen in Figure E.1.

Gas film

Figure E.1: Diagrammatic representation of the shrinking unreacted core model

The reaction mechanism can be described by the following chemical equation

A(g} + bE(S} — ‘:"Cl.’,g} + dD(S}

The volume of the solid particle, Vg can be given as

The amount (mole) of solid reactant B present in the particle can be calculated as

PeVE

Ne =
B M_E

With Mg being the molecular weight of solid reactant B
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The conversion of reactant B can be represented as

Mgy — Mg

=1-3— (E.4)
4 3
ETIPBR,F,

By elimination of the common variables the conversion of solid reactant B can be given in

the form of

Xg=1- (;—) (E.5)

B

According to Szekely (1970), the shrinking core particle model can have three main rate
controlling steps. These are: ash layer diffusion control; chemical reaction control; and gas
film diffusion control. The derivation of the model to include these controlling steps will be
discussed in the following steps (Szekely, 1970).

Gas film diffusion control

According to stoichiometry of the chemical reaction the amount of reacted solid B can be

given by

The rate at which the solid B reacts can be given on the basis of different physical

characteristics (Levenspiel, 1999), these can be represented by

—1 dNg
T = V_p T (E.7)
. —1 dNg
TB N Mg d-t (E8)
. —1 dNg
5T 5. at (E9)
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—1 dNy

L : V_B dt (E.10)
= 22 E.11
BT Y Tar (E.11)

Where Equation E.7 is based on the volume of the reacting fluid, Equation E.8 is based on
the mass of the solid particle. Equation E.9 is based on the external surface area of the
reactant solid while Equation E.10 is based on the volume of the solid reactant and Equation

E.11 is based on the volume of the reactor.

For the derivation of the model the external surface area of the solid particle will be used.

For this the external surface area will be given as
Sex= 4mR} (E.12)
This external surface area is for a spherical patrticle.

From Equation E.3 dNg/dt can be given as

—dlNg ddmp g1y

it 3Mgdt (E.13)
As r¢ is the only changing variable this equation can be written as
—dNg —dmpgr? dr,
Z = s (E.14)

dt Mg  dt

But —r5’”’ is the mass transfer across the gas film layer and can be described as Fick’s law
(Levenspiel, 1999)

—15 = bky(Cag— Cas) (E.15)
Where
b = stoichiometric coefficient
ky = mass transfer coefficient
Cag = concentration of reactant gas in the bulk stream
Cas = concentration of reactant gas at the particle surface

If it is assumed that film layer diffusion is the controlling mechanism, the chemical reaction at

the surface will instantaneously use the reactant gas as it reaches the particle surface. If this
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is the case the reactant gas concentration at the particle surface will be negligible; resulting

in Equation E.16.
—1rg = bk,Cyy (E.16)

Combining Equations E.9, E.12, E.14 and E.16 the gas film layer diffusion equation can be

written as

%PBTGE drc
—N = |5 = bk,C

After simplification and rearranging the following equation in obtained

pETE
- (Mﬁﬂé)dn = bic,Cy dt (E.18)

This equation can then be integrated with the following boundary conditions
Att=0r.=R,and
Att=trc.=r,

After integration and some manipulation the following equation is obtained
_Pe_ (R2—13) = bk, Cy,t (E.19)
BMER.; P € g-ag .

If Equation E.19 is then solved for time t the equation can be written as

Pr
t=|go— =z J(RE— 13

To write Equation E.20 in terms of conversion Xg it is multiplied with R,*R,’, and in

combination of Equation E.5 it can be written as

£ = ___ P X
3Mgbk,C, R3) E (E.21)

Equation E.21 then gives the equation for gas film diffusion control reactions in terms of the

conversion of solid reactant B.
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Ash layer diffusion control

From Equation E.6 it can be shown that

—dNg —bdN,
i - dt (E.22)
Further from Equation E.14 it is known that
_ﬂ:N_E- _ (4‘7?:}35-) 5 ﬂ':'r'c

It can also be shown that the rate of reaction of A at any instant is given by its rate of

diffusion to the reaction surface (Levenspiel, 1999) , or in equation form

—dN,
dt = AES?I:E}'EI’?"QH (E24)

Where
Aashiayer = area of ash layer surface through which diffusion has to occur
Qa = molar flux of reactant gas A to the reaction core

If the assumption of equimolar counter diffusion is made it can be shown that (Levenspiel,
1999)

D.dC,

Qa=— (E.25)

Where
D, = the effective diffusion coefficient of gaseous reactant in the ash layer

And the area of the ash layer can be given as

-

Ar.zsh layer = 4-’]'1"1“;3;.? layer (E26)

Equation E.26 can now be written as

dNy 2
- (E)Tﬂsh EE}'ardT = 4mDdly (E27)

Equation E.27 can then be integrated from R, to r. and Cas (concentration of reactant gas at

the particle surface) to Cx. (concentration of reactant at the core surface). It is also assumed
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that the reaction is significantly fast; making the concentration of reactant gas at the core
surface negligible, and the concentration of reactant gas at the particle surface is the same
as the concentration of reactant gas in the bulk stream. After integration and some

rearranging the resulting equation is given as

—dN;  4mD.Cyy
dt (1 1) (E.28)

. Ry

Combining and rearranging Equation E.23 and E.28 with the help of Equation E.6 it can be

shown that

L1 1
DECAQ-bMEdtz _p.E'T‘E‘ (__R_)d'rc (E29)
e 2

Equation E.29 can then be integrated with the following conditions
dtfromOtot
dr. from Ry to r¢

Thus the result can be written as
. Ry

To convert Equation E.30 in terms of conversion and solving for time t, it is multiplied with

R,/R,%, and with 1-x = r.*/R,’ it can be written as
PERE: z
t=——"—|[1-3(1-X5)3+ 2(1 - Xz) (E.31)

6D,Ca b M,

Equation E.31 represents the characteristic equation for ash layer diffusion control in terms

of conversion Xg.

Chemical reaction control

Using the surface of unreacted core (Equation E.9) in terms of r., the rate of reaction for

Equation E.1 can be written as (Levenspiel, 1999)
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pﬁ.émrz dr,
 \Mgamnr? ) dr = kb (E.32)

Assuming first order reaction order and after rearranging Equation E.32 can be written as

Pz
WB) dr, = bk Cﬂgdt (E.33)

Integrating Equation E.33 for dr. from R, to r. and dt from O to t and then solving for time t, it

can be written as

(Mﬁ.bk C )(R ) (E.34)

Converting Equation E.34 in terms of the conversion of solid B, it is multiplied with Rp/R,,
and with the help of Equation E.5 the resulting equation can be written as

[ 1
= (M)(i —(1- XB}H) (E.35)

Equation E.35 represents the characteristic equation for chemical reaction controlled
systems. If the characteristic equations of the three controlling mechanism are linearized in

terms of conversion of solid reactant B, the following equation can be obtained.

f(X}Gusfi:mdz'ffu_qwn control = AB
f(X}A:h layer dif fusion control — (1 - 3(1 - XE}E + 2(1 - XE‘}) (E36)

1
f(X}Chmim! reaction control — (1 - (1 - XB}E)

The characteristic equations for the different controlling mechanism can be combined by
simple addition. Equation E.37 shows the combination of film and ash layer diffusion

controls.

P psR3 2
= ——F x4+ [——E _|[1-3(1—-X)3+2(1—X
(BMBbkgCAQR;) B (5DacAngb)( ( 5) ( B}) (E.37)
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APPENDIXF:  MASS TRANSFER COEFFICIENT CALCULATION

The external mass transfer coefficient needs to be determined as the external mass transfer
can have a significant influence on the overall reaction rate of the combustion of large
particles. The mass transfer coefficient is calculated from the Sherwood number, which in

turn requires a binary diffusion coefficient as well as a Reynolds number.

The mass transfer coefficient can be calculated from the following correlation (Szekely et al.,
1976)

hpl
Nsp = E (F.1)

Where

hp is the mass transfer coefficient

L is the characteristic dimension which is the particle diameter
Dag is the binary diffusion coefficient

The binary diffusion coefficient can be calculated from the following correlation (Perry and
Green, 1997)

b 0.0017275 425
45 = B ((Z0)0° + (20)059)? (F.2)

For A: O, and B: N2 the diffusion volumes (cm®mol™) are respectively 16.6 and 17.9. The

mean molecular mass for the gas mixture can be calculated with

1 + 1
Moz Mnz

Mgz—n2 = (F.3)
The Reynolds humber can be calculated using the pipe diameter of the tube furnace along

with the gas flow rate past the particle using the following correlation (Szekely et al., 1976)

UL
Ng, = (F.4)

‘E_'J

Where

L is the characteristic length which is the particle diameter
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U is the linear gas velocity flowing past the particle measured outside the boundary layer

surrounding the particle

v is the kinematic viscosity of air which can be found from literature to be 1.66x10™ at
1000°C

The Schmidt number can be calculated from the following correlation

t_':l

Nse = Din (F.5)
Where
v is the kinematic viscosity of air
Dag is the binary diffusion coefficient
Finally the Sherwood number is calculated from the following correlation
i 1
Ngp = 2.0+ 0.6NZ N (F.6)

The binary diffusion coefficient is calculated first, followed by the Sherwood and the
Reynolds numbers, which are then used to calculate the Sherwood number. Finally the
mass transfer coefficient is calculated from Equation F.1. All the parameters that are

required to calculate the mass transfer coefficients are shown in Table F.1.

Table F.1: Mass transfer coefficient calculation parameters

Particle diameter | Reynolds | Schmidt | Sherwood kg(m/s)x10'3

20 409.07 0.63 4.56 60.2
30 613.61 0.63 5.14 45.4
40 818.15 0.63 5.63 37.3
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APPENDIX G: CALIBRATION AND VERIFICATION OF APPARATUS

Measuring the mass of the parent coal particle before and after charring should give the
mass percentage of volatile matter, including the moisture content of the coal particle. For
this study the charring of the coal particles was conducted at 1100 °C to ensure that there
were no volatiles coming off while the particles were reheated to the combustion
temperature of 1000 °C. However the mass percentage of volatile matter present in the
parent coal obtained from the proximate analysis was calculated from mass loss
measurements conducted at 900 °C. A comparison of the proximate analysis volatile matter

content versus the charred volatile matter content can be seen in Table G.1.

Table G.1: Volatile matter comparison of proximate analysis and experimental mass differences

Density Proximate analysis Mass balance calculation

(glem?) (Volatile matter + inherent moisture) (Parent coal mass — char mass)
(%) (%)

1.357 331 328

1.440 29.6 325

1.620 251 4.3

1.850 20.4 217

Comparing the actual volatile matter content to the values obtained from proximate analysis
shows a good correlation indicating that most of the volatile matter has been removed from
charring at 900 °C.

Comparing the mass loss due to fixed carbon conversion can be done by subtracting the
residual ash mass from the mass of the char particle and comparing this value to the mass
calculated from converting the carbon dioxide concentration data to mass loss data. The
comparison between the proximate analysis (as presented in Chapter 4) fixed carbon

content and the calculated fixed carbon content can be seen in Table G.2.
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Table G.2: Fixed carbon content comparison between mass difference and calculated values

Density | Char mass | Ash mass Fixed carbon Calculated fixed Difference
mass carbon mass
(g/cm?) ) (9 (%)
(9) (9)
13.03 1.47 11.56 11.18 3.30
1.357 12.68 1.67 11.01 10.82 1.74
12.85 1.57 11.29 11.00 2.52
14.16 2.22 11.94 11.46 4.03
1.44 13.38 3.20 10.19 10.06 1.26
13.77 2.71 11.06 10.76 2.65
17.24 5.26 11.99 11.30 5.75
1.62 17.44 5.58 11.86 11.25 5.15
17.34 5.42 11.92 11.28 5.45
20.66 12.82 7.84 7.30 6.88
1.85 19.95 10.70 9.25 8.20 11.32
20.31 11.76 8.54 7.75 9.10

It can be seen from Table G.2 that the fixed carbon content calculated from the carbon
dioxide production rate gives a very good correlation but was consistently lower than the
fixed carbon content obtained from the mass difference between the chars and their
respective ash mass values. These differences can be attributed to the fact the chars still
contain nitrogen, hydrogen and oxygen containing compounds that react during combustion.
It can also be seen that the mass difference increases as the density increases. The larger
differences in the higher density particles can more likely be attributed to the fact that the
high density particles contain more unburnt carbon in the remaining ash (as was observed in
Section 5.2.2).

The calibration and verification results show a sufficient correlation to the proximate analysis,
showing that the apparatus gave satisfactory results in terms of operation and carbon

conversion measurement.
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