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Abstract

Brown coal is an abundant and low cost resource; however, it is currently almost exclusively used for
power generation and power plants adjacent to the mine. This is due to its high moisture content and
difficulty with handling. On the other hand, brown coal is a promising feedstock due to its low ash
content and high reactivity. This thesis aims to investigate a process (pyrolysis) of upgrading the
brown coal, alleviating these problems and creating an export-grade product. The product could
replace bituminous coal currently used in applications such as energy generation and pulverised coal
injection (PCI) in a blast furnace for iron generation. This is achieved by firstly considering the
pyrolysis process for a briquette, and then evaluating the formed products.

To assist in the study of the pyrolysis process, a one-dimensional model was created of a brown coal
briquette to evaluate the interaction between the intrinsic chemical and structural changes with the
heat transfer and pressure distribution variations within the briquette. This modelling approach was
coupled with an experimental investigation in a vertical fixed-bed furnace. Compared to smaller
pulverised coal particles, it was found that pyrolysis of the larger briquette was limited by heat
transfer, both by diffusion to the inner core, and from the evaporation of remaining moisture and the
heat-absorbing nature of pyrolysis itself. Subsequently, the pyrolysis products were evaluated for
their pyrolysis condition dependent properties. The increases in heating value with increased
pyrolysis temperature and time were observed, which was eventually capable of generating a brown
coal char product of similar heating value to coal that is commercially used in the PCI process. Further
pyrolysis resulted in additional increases in the solid matrix density with lowered the reactivity of the
char. However, the char samples nevertheless displayed greater reactivity compare to the PCI coal.

Two samples of industrially produced brown coal char were evaluated in further detail for their
suitability to the PCI process, as a complete replacement for PCI coal and as a blend. Although only
two products were received, the samples showed a range of properties dependent on their particle
size. These size segregated groups were analysed in terms of meeting the requirements for a PCI fuel
and their combustion performance in a drop tube furnace (DTF) that could replicate a similar
environment to the injection point in a blast furnace. A relationship was established between volatile
content burnout and minimum volatile content for the char was established. It was observed that
specific size fractions of the brown coal char could meet the blast furnace requirements and even
exceed the performance of PCI coal. A specific fraction of both chars was blended with the currently
used PCI coal and the interactions were observed. In terms of ignition, a synergistic relationship
between the two fuels was observed, increasing the fraction of fraction of brown coal char that could
be blended beyond that which would be normally estimated based on the individual fuel properties.
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1.1 Overview

Low-rank coal is an abundant resource, which is projected to last until the year 2100 at current
growth rates 1. Compared to higher-rank coals, it is characterised by having a high moisture
content and a low heating value 2. Consequently, it is used almost exclusively for power
generation at adjacent power plants 3, owing to the cost of transport and spontaneous
combustion risk. In its crude form, it combusts relatively inefficiently and has the highest
greenhouse gas emissions per unit of electricity produced of common sources *. Low-rank coals
are inexpensive, owing to their low cost of extraction °. This cost difference, as well as a secure
feedstock supply presents an opportunity to more effectively utilise low-rank coal by upgrading
through a pyrolysis process that will produce a beneficiated solid product, char, as well as

value-added gas and liquid tar products.

In this PhD project, we have for the first time examined the plausibility of using a brown coal
char product for advanced applications including pulverised coal injection (PCI), and discover
the influence of the conditions under which the coal is pyrolysed. Such a research target is
different from previous pyrolysis-related studies which have mainly focused on the production
of liquid tar and fuel from pyrolysis, whereas the solid char has been rarely examined for its
properties and utilisation in a value-added manner such as the PCI process in a blast furnace.
The primary goal of this PhD research project is to optimise the pyrolysis conditions for
Victorian brown coal so as to produce a final char product that will possess a high energy
density, as well as can be handled and transported economically. In particular, the pyrolysis of
Victorian brown coal in briquette form has been examined extensively. To the best knowledge
of the author, this has yet to be addressed in the literature. Moreover, this research project aims
to clarify the ignition and reactivity (including C-O2, C-COz and C-H.0) of the brown coal
char as well as to optimise the combustion conditions for an efficient burnout under the typical
combustion conditions encountered in both blast furnaces and coal-fired power plants. The
heterogeneous properties and reactivity of brown coal char has been examined for the first time.
The key hypothesis for this study is that, a high-energy density char could be produced by prior
palletisation of brown coal, and the low-volatile brown coal char could burn efficiently and
even more rapidly than bituminous coal. Our study is expected to provide feedback to the
engineering design of the brown coal pyrolyser and utilisation of the resultant char in blast

furnaces and coal-fired power plants. In addition, the results from this study are expected to
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shed new insights on the understanding of the science underpinning the pyrolysis and

combustion of Victorian brown coal char.

It has been well known that the pyrolysis process will increase the value of the brown coal by
increasing its energy density and transportability. However, eliminating part of the volatile
matter and heat treatment of the coal is expected to lower combustion performance by
decreasing oxidation reactivity ©. Therefore, it is critical to find an optimum volatile content in
the final char as well as to optimise the pyrolysis conditions. The pyrolysis process will induce
both physical and chemical changes during the conversion to char 7. Changes include the spread
of pores throughout the coal and the subsequent change in surface area caused by this. The
conditions under which the char is created, including temperature and heating rate, will have
an impact on the final char product 812, Particle size will also have an impact due to the slower

heat transfer to within the particle.

Pulverised coal injection (PCI) technology involves directly injecting coal into the blast
furnace, increasing productivity, and replacing a part of coke that is used for the process of
making iron 3. PCI coal has strict requirements in terms of ash content and composition,
volatile content, moisture content and grindability 4. To date, high-rank bituminous coal with
low volatile content and anthracite are the only source for PCI fuel, which have diminishing
reserves. The application of low-rank brown coal char as a PCI fuel to blend with other coals
has yet to be tested. Since the PCI coal has a much higher market price than the power
generation coal, it is critical to clarify the applicability of brown coal char as a PCI fuel in the

blast furnace. Understanding this is also essential to optimise the coal pyrolysis conditions.
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1.2 Research aims

The overall aim of this research is to understand whether Victorian brown coal can be upgraded
to a fuel that can satisfy the needs of advanced applications such as PCI combustion in the blast
furnace. Several key areas need to be examined individually to fully satisfy this work’s
hypothesis. Firstly, the method of upgrading needs to be established and understood. Secondly,
the upgraded product needs to be evaluated by means of testing against industry standards and
by analysing combustion performance. A realistic method of introducing a solid fuel product
into a market is by blending with the existing fuel, therefore the interactions with a higher rank
coal should be known. Lastly, it is of interest to recognize how the differences in the altered
combustion environment compared to regular coal combustion will interplay with the

decreased coal rank compared to the conventionally used bituminous coal.

In order to achieve this overall goal, the following specific objectives will be investigated:
1. To understand the brown coal pyrolysis mechanism for a larger scale briquette
including heat transfer and structural changes through lab-scale experiments and a 1-D

modelling approach.

2. To optimise the pyrolysis conditions for Victorian brown coal to produce a final char
product that will possess a raised energy density, as well as can be handled and

transported economically.

3. To examine the potential for Yallourn brown coal char to be used as a pulverized coal
injection (PCI) fuel, its size-dependent properties, ignitability and combustibility under

the simulated conditions of the blowpipe-tuyere section in a blast furnace.

4. To clarify both ignition and burnout rate for coal—char blends, which are critical for the
combustion of PCI coal in the tuyere/blowpipe of a blast furnace.

5. To clarify the ignition and reactivity (including C-O, C-CO> and C-H-O) of the brown

coal char during conditions that prevail during PCI coal combustion.
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1.3 Thesis outline

Chapter 1 gives an overview of the thesis, highlights the research aims and presents the

outline.

Chapter 2 reviews the current state of knowledge for pyrolysis of brown coal and the
application of upgraded brown coal to advanced applications.

Chapter 3 is a summary of the experimental facilities, modelling approaches and sample

characterisation methods used in this thesis.

Chapter 4 explores the mechanism for the pyrolysis process of a lignite briquette. A 1-D model
is created for the process and the predicted structural changes and tar emissions are explored

and compared to the experimental results.

Chapter 5 compares the Yallourn coal pyrolysis products created under different conditions

and their predicted combustion performance.

Chapter 6 examines the possibility of using Yallourn char as a replacement fuel for PCI coal

in terms of required properties and combustion performance.

Chapter 7 evaluates the combustion performance of six different blending ratios with two

industrially created Yallourn chars.

Chapter 8 analyses the combustion of brown coal char under conditions where high CO- or

H>0 conditions are prevalent.

Chapter 9 gives the conclusions for this PhD project and makes future recommendations

related to the utilisation of upgraded brown coal and understanding of the upgrading process.
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Figure 1.1 shows a representation of the interaction of the different components of the thesis.
Chapters 4 and 5 concentrate on the generation of the brown coal char. Chapter 6 uses char
produced in an industrial scale shaft furnace in a PCI combustion scenario. This concept is
extended in Chapter 7 when PCI coal is blended. Chapter 8 evaluates the brown coal reactivity

in combustion reactivity in high CO2/H20 environments.
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Figure 1.1 Thesis outline summary
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Scope of literature review

This literature review covers the motivation for upgrading low-rank coal, specifically via
pyrolysis to form a high value product that can subsequently be used in advanced applications.
It will be discussed how this method has been used and how the process can be modelled. Next,
pulverised coal injection (PCI) is discussed and its potential to be used with an upgraded brown

coal fuel.

2.1 Brown coal upgrading

2.1.1 Motive for upgrading

While brown coal (also known as lignite) is abundant and is relatively simple to extract in
open-cut mines close to the surface, it contains a more than 60% moisture !, leading to a very
low heating value compared to higher rank coals. Oxygen content is also very high 2, meaning
energy containing compounds rich in carbon are lower. On top of this, brown coal is vulnerable
to spontaneous combustion, especially when moisture is low 3. This makes safe transport and
storage difficult. Consequently, brown coal use is typically limited to power generation at
power plants adjacent to the mine. In Victoria, Australia, power generation accounts for 95%

of brown coal consumed and brown coal supplies 85% of the state’s electricity .

If these problems could be rectified, other potential uses of brown coal include gasification,
liquefaction, and combustion in a blast furnace for steel production and in applications where
black coal is currently used such as PCI. Table 2.1 compares some properties of brown coal
and black coal. The first noticeable difference is the price. Victorian brown coal is as low as
AUS$ 2-7. Since brown coal is relatively younger than black coal it can be found closer to the
surface making extraction cheaper. The black coal price is more than an order of magnitude
higher, beginning at AU $110 and will depend on the quality of the coal including ash and
sulphur concentration °. Coals that can be used for pulverised coal injection (PCI) can reach
AUS$ 230 °. Unlike black coal, there is not a free market for brown coal to be traded since it is
uneconomic and difficult to transport, therefore is primarily used at an adjacent power plant.
One of the reasons the transport is uneconomical is the high moisture content, up to 70%
compared to black coal which has around 10% moisture. This will significantly lower its
heating value. Additionally, dried Victorian brown coal has a high propensity to spontaneous

combustion ®. Density is also lower which means there will be a lower energy per unit volume.

12
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Some advantages of Victorian brown coal are the relatively lower ash content and high

reactivity ’.

Table 2.1 Comparison of Victorian brown coal with bituminous coals found in Australia

Property Victorian brown coal Australian bituminous coals
(lignite)

Cost per tonne ($ AUD) AUS$ 2-78 AU$ 110-230°

Moisture content ar 48-70% ° 3.5-10% 101

Volatile matter content db | 48.4-62.7% 12 11-36.29 101113

Ash content db 0.6-4.4% 12 8-209 1011

Energy value (net wet) 5.8t011.5 MJ/kg ® 22-29 MJ/kg 1011

Energy value (gross dry) 25-29 MJ/kg ° 28-32 MJ/kg 101!

Sulphur content <1%° 0.5-0.7% 1011

Mining method Open Cut Open Cut & Underground

Bulk density 650-670 kg/m?3 4 770-930 kg/m?3 14

Based on the above analysis, it is evident that there is a significant opportunity for upgrading
brown coal based on the cost difference and lack of current brown coal utilisation. If the cost
of upgrading was lower than this price difference than it would be financially viable. Several
methods have a large potential to raise the brown coal properties such as density, moisture and
energy to a similar value to bituminous coal. Two of these methods that will be examined in

more detail are briquetting and pyrolysis.

2.1.2 Methods of upgrading
2.1.2.1 Briquetting

Brown coal can be made into a briquette without the use of a binder through the assistance of
oxygen containing functional groups and the remaining moisture. The briquettes have the
advantage of reduced dust during transport and handling. The compression during briquetting
will increase the volumetric energy density. Briquetting/pelletising lignite will create a low
moisture product that is stable during transportation and storage *°. In recent years, a brown
coal drying and pelleting method has been utilised that increases density and removes moisture
down to around 12% while also eliminating spontaneous combustion potential using a low

temperature (60 °C) and a low pressure process °. Pelletised lignite could be further upgraded
13
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into char for chemical production or power generation, while other products such as tar,
pyrolysis oil and coal gas. Since the particle size distribution of char will be dependent on the
size of the parent coal, pyrolysis of larger particle sizes including pellets is of interest to
generate a product that is more suitable for transport. A particle as large as 1 mm will minimise
the likelihood of becoming airborne. In addition, pelletised coal will have a higher density that
could produce a char with a higher volumetric energy density. Briquetting could reduce the

potential for spontaneous combustion since self-heating is reduced with increased particle size
17,18

2.1.2.2 Pyrolysis
2.1.2.2.1 Pyrolysis Overview

Compared to others methods, pyrolysis requires higher temperatures (>500 °C) and an oxygen
free environment. The product, char will by dry and have a higher energy density due to the
removal of volatile compounds, especially oxygen containing compounds. The propensity to
spontaneously combust is largely removed. Much of the mass is lost, although it can be
recovered as tar or coal gas.

Pyrolysis is a chemical degradation reaction caused by heat alone *°. When describing the
pyrolysis of carbonous compounds it may also be referred to as ‘devolatilisation’, i.e. the
removal of volatile components from a material. Although pyrolysis occurs in the absence of
oxygen, it is a principle step in the combustion process, after drying. The products of pyrolysis
include the original solid mass which will become char while vapours generated may be
condensable, known as tar or light gasses that are usually flammable. In the absence of oxygen,
these products can be recovered.

Changes include the spread of pores throughout the coal and the subsequent change in surface
area caused by this. Chemical processes include breaking of weaker bonds (-C-C- and -C-O-
), resulting in formation of gasses that are released from the particle including methane, H20,
CO, CO2 and tar. Additional pyrolysis results in further evolution of gases as well as
repolymerisation (cross-linking) of the char matrix. Compared to higher rank coals, lignite

shows cross-linking behaviour at lower temperatures (~500 °C) %,

14
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2.1.2.2.2 The pyrolysis process in industry

Possible pyrolysis feedstocks include low-rank coal, biomass, waste tyres, refuse, and sewage
sludge 2%. One of the earliest and most popular processes in industry for pyrolysis is the vertical
shaft furnace 22. The feedstock enters the side of the furnace near the top. The heat for pyrolysis
can either be provided by direct or indirect heating. Possible sources of heat include combustion
of natural gas or coal gas derived from the pyrolysis process. The hot gas providing heat to the
process will usually flow counter-current to the feedstock. In the indirect heating mode, heat is
transferred from the wall while in direct heating mode the hot gas will pass through the
feedstock. Indirect heating will provide a higher calorific coal gas since flue gasses from the
combustion process will not be mixed with the coal gas. An alternative method of direct heating
is supply only oxygen or air will react with a portion of the char that is formed. Using oxygen
will provide a higher heating value coal gas due to the absence of nitrogen.

2.1.2.2.3 Upgrading of brown coal via pyrolysis

Compared to biomass pyrolysis, there is a significant lack of resources concerning the
upgrading of low-rank coals through pyrolysis. However, with recent commercial interest in
upgrading of brown coal, and government investment in Victoria, through the Advanced
Lignite Demonstration Program (ALDP) 23, there is much need for research and development
of this technology before commercial deployment. Chu et al. studied the pyrolysis of lignite
briquettes from Inner Mongolia, China at 450-900 °C in a fixed-bed reactor with a heating rate
of 10-15 °C/min and measured the properties of the solid, liquid and gaseous products ?*. They
found that with increased temperature during pyrolysis, both the briquette’s falling strength
and compressive strength were increased. The oxygen content in the char fell was reduced
quickly and disappeared once 650 °C was reached. At 550 °C, the yield of tar was maximised,
while gas yield kept increasing with temperature. Another study focused on upgrading of North
Dakota lignite through rapid and slow pyrolysis where it is held for different residence times
25, Their research showed a decrease in char reactivity in air with increased residence time,
although a direct comparison between fast and slow heating at the same residence time was not
made. It was also discovered that calcium was the dominant species in catalysis of the
conversion process. Quyn et al. also examined the reactivity of a Victorian brown coal under
pyrolysis at different temperatures made with a fluidised-bed/fixed-bed reactor 26, The
reactivity of the char in air increased in the range of 500-700 °C while decreasing at

temperatures above this. The authors concluded that this was due to the changes in the relative
15
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distribution of Na in the char matrix and pore surface. Rather than analysing char product
reactivity, Suuberg et al. focused on char product composition at different heating rates,
residence times and peak temperatures in a batch reactor 2. Oxygen in the char product was
reduced remarkably, particularly in the range of 650-700 °C and was eliminated at 1100 °C.
Sulphur was had a linear reduction in concentration compared to peak temperature and carbon
and nitrogen were mostly retained in the char. This reduction or elimination of oxygen is well

correlated with an increase in heating value of the char 28,

Although the product properties have been studied, to date, the brown coal pyrolysis process
has not been studied with the objective of producing a fuel for the PCI process. In contrast, the
application of a previous study’s results on Norway Spruce 2° to a blast furnace injection study
was performed . In the original study, pyrolysis temperature was varied between 150 — 800
°C and reported the increasing energy content with temperature as well as the changes in
ultimate analysis properties and solid product yield. A partial pyrolysis at 250 °C was found to

be optimal in decreasing the coke rate.

2.1.2.2.4 Modelling pyrolysis

A variety of models have been developed to describe the pyrolysis process and each is designed
with a different end-use in mind. Table 2.2 shows a comparison of a selection of models. In the
most simple of models, pyrolysis is modelled as a first-order decomposition reaction, with the

kinetic rate is controlled by an Arrhenius expression (Equation 2.1 and Equation 2.2) 3.

av . Equation 2.1
T kWV*=V)
k = Axe E/RT Equation 2.2

Where V* is the limit of V, typically the value determined by the proximate analysis or
experimentally. At high temperatures or heating rates, the volatile yield can be 1.3 to 1.8 times

higher than that predicted by the proximate analysis 3.

This approach is most commonly used in combustion models where it shows a satisfactory
agreement with results and is not computationally expensive *2. Due to the relatively short time

for devolatilisation (0.14-0.16 s) compared to char burnout (0.7-0.85 s) #, the results may not
16
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be sensitive to the devolatilisation kinetics during combustion modelling. It has been reported
that using a different heating rate for the same coal can result in a grossly different Arrhenius
plot (Figure 2.1) %, This is because coal is not a homogenous entity and in fact would be better
characterized by multiple first order reactions. Such a model exists and is known as the
distributed activation energy model (DAEM) where the coal devolatilisation process is
represented by an infinite set of first-order reactions where the activation energy is modelled
by a distribution function 34, Typically, the activation energy distribution is generally assumed
to be a Gaussian distribution, while the pre-exponential factor is either a fixed value or a
function of the activation energy. One of the main drawbacks of these types of models is that
the volatile yield must be pre-determined and will not be affected by heating rate or
temperature. Furthermore, these models do not consider the thermal history of the coal, e.g. a
coal with devolatilisation 50% complete that is produced at 600 °C will be identical one
produced at 800 °C. It should be expected that parts of the coal with different activation
energies would be consumed in different proportions to each other at different temperatures.
This is conflicting with the notion that DAEM is representing multiple first-order reactions.
Instead, DAEM has the advantage of more accurately representing the devolatilisation

compared to the first-order model for a diverse range of linear heating rates.
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Figure 2.1 Arrhenius Plot of Global First-Order Single-Reaction Rate Coefficient for

Devolatilization of a Given Coal. Heating rate: (x) 10* K/s; (0) 1 K/s. 3

In reality, coal will be subjected to non-linear heating rates. During air-firing or oxy-firing
pulverised coal combustion, a particle temperature/time graph has been shown to be somewhat
sigmoidal in shape *2, while during pyrolysis of a wood slab the particle temperature/time graph
with increasing temperature can be concave up or concave down depending on the location
within the slab 3. An early attempt at accounting for non-linear heating rates was made by
Anthony et al. in 1975 by implementation of a secondary reaction system to describe
repolymerisation and char forming reactions . Through this mechanism it was possible to
explain the increased volatile yield at higher heating rates, smaller particle sizes, and low
pressures. This concept was expanded for the treatment of biomass pyrolysis by Koufopanos
et al whereby the pyrolysis is described by a system of first-order reactions . The virgin
material will initially be converted to an intermediate in a reaction that is not associated with
any mass loss. Following this, the intermediate material can either form gasses and volatiles in
one reaction are char in a separate reaction. Miller and Bellan point out that the char formation
must be accompanied by the simultaneous release of gas *. Therefore, instead of the

18



Chapter 2 Literature review

intermediate material forming char and gas separately, one reaction will describe the concurrent
gas and char formation (at a fixed gas/char ratio) while a separate reaction describes formation
of tar. An additional reaction will describe the vaporisation of this tar. This system is shown in
Figure 2.2.

K
VIRGIN ! ACTIVE

X CHAR +(1-X) GAS

Figure 2.2 General reaction scheme used to model cellulose, hemicellulose and

lignin Kinetics 8.

With the more recent advances in understanding of coal structure, in the 1980s, several models
were presented that consider the changes in coal structure. These are known as chemical
percolation devolatilisation (CPD) ¥, FG-FVC %°, and FLASHCHAIN “*!. These models
consider bond breaking reactions, evaporation of low molecular weight compounds, and
repolymerisation of the metaplast with the char matrix. By knowing the properties of the raw
coal through *C, NMR experiments, through these models it is possible to predict the yield of
char, tar and gasses, as well as formation of the metaplast and some properties of the tar and
gasses. The CPD model, which shows high promise for use in this work due to its code

availability and wide implementation, including integration into CFD software Ansys Fluent
42
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Table 2.2 Summary of commonly used pyrolysis models

Name Summary Products | Computational
expense

Single rate Devolatilization is first-order, dependent | Char, gas | Very low
kinetic model 3* | on the fraction of volatiles remaining in

the particle.
Distributed Reactions are an infinite set of | Char, gas | Low
activation energy | irreversible first-order reactions and
model (DAEM) | activation energy is a distribution
# function.
First-order The pyrolysis feedstock forms char, tar, | Char, tar, | Medium
pathway model gas by number of possible pathways gas
37,38
Structure based Chemical percolation devolatilisation | Char, tar | High
network models | (CPD), FG-FVC and FLASHCHAIN | gas
39-41 methods include depolymerisation, light

gas formation, cross-linking, and tar

vaporisation.

Grant et al. proposed the CPD model in 1989 which uses percolation theory and a three-
dimensional Bethe lattice “>. The model was later further improved to include vapour-liquid
equilibrium and a cross-linking mechanism . Figure 2.3 shows the reaction sequence of the
CPD model. Two types of bridges exist between aromatic clusters, known as labile bridges and
char bridges (c). Bridges initially present as labile bridges, £ , will decompose to form an active
intermediate £ *. This intermediate bridge is unstable so will react immediately via one of two
competitive reactions. In the first, the labile bond is cleaved and two side chains are formed, 6.
This can then undergo a cracking reaction to form a light gas gi:. In the second reaction, the
reactive labile bond will form a stable char bridge with the concurrent formation of a light gas
g2. The rate of labile bridge breaking, k», and rate of gas release from side chains, kq are both
determined by Arrhenius expressions whereby the activation energy is given a standard
deviation. The ratio of bridge breaking to char bridge formation (ks/kc) is fixed at 0.9 based on

experimental data.
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Figure 2.3 Reaction sequence for the CPD model *°.

As bridges are cleaved, clusters are completely detached from the lattice network, and form tar
precursor fragments, also known as the metaplast. Depending on the temperature, pressure and
molecular weight of the metaplast it may be vaporised by means of a flash vaporization scheme
which uses vapour/liquid phase equilibration. Lower molecular weight compounds such as
benzene and naphthalene will have a higher vapour pressure and are more readily vaporised.
Higher molecular weight compound’s vapour pressure is predicted based on a simple form of
Raoult's Law. A simple cross-linking mechanism was implemented into the model which
describes the repolymerisation of the metaplast with the coal matrix and is based on a first-

order Arrhenius expression.

The input for the CPD model relies on four chemical structure parameters determined by 3C
NMR and one empirically determined parameter. Besides these five parameters, other
parameters used in the data such as the vapour pressure correlation, and rates of gas formation,
labile bridge breaking, cross-linking, should theoretically be independent of coal type. The four
parameters determined by NMR measurements are: o+1 - the coordination number which is
the total number of attachments per cluster; po - the initial fraction of intact bridges which are
made up of the previously mentioned labile and char bridges; Mciust — the molecular weight of
each cluster; and ms —the average molecular weight of a side chain. The empirically determined
parameter is Co, the initial fraction of char bridges and is determined by comparing char yields
with predictions. Genetti showed that it may be possible to determine these parameters without
the use of 3C NMR, by relying on a correlation with the elemental composition and volatile

matter content *4.
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While it was previously mentioned that other parameters within the model are independent of
coal type, several researchers have found that these parameters could be modified to better fit
experimental data. Yan et al. found that the CPD model was overestimating the release of
volatile matter from Chinese bituminous coal compared to TGA experiments “°. This
difference was negated by modification of the kinetic parameters for both labile bridge
breaking and gas formation from side chains. The fitted parameters showed a better agreement
with TGA experiments and better predicted the total yield of light gasses for a range of different
coals compared to the original CPD model. Similarly Fletcher et al. was able to model the
pyrolysis of biomass ¢, black liquor #’, and oil shale “® by modification of internal parameters
within the CPD model.

2.2 Advanced utilisation technologies

2.2.1 Pulverised coal injection (PCI)
2.2.1.1 Operation

The majority of iron ore is converted into iron through smelting in a blast furnace. The main
raw materials fed into the blast furnace are iron oxides (mostly hematite and magnetite), a
carbon source (metallurgical coke) and flux (limestone), as well as hot blast air. Though

oxidation of the carbon source by the air, carbon monoxide is produced (Equation 2.3).

1 i .
C+§02 5 Co Equation 2.3

An alternative mechanism is also available, represented by Equation 2.4 and Equation 2.5.

C+0,-CO0, Equation 2.4

C+C0O, - 2C0 Equation 2.5

Carbon monoxide is a reducing agent that can reduce iron oxide into iron metal (Equation 2.6).

Fe,0;+3C0 = 2Fe + 3C0, Equation 2.6
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The interior of the blast furnace is filled with alternating layers of coke and iron ore. The
product of the blast furnace is known as pig iron, which can be subsequently refined to produce
steel. Another method of iron production is direct reduction, however less than 5% of iron is
produced this way.

An improvement to this process is known as pulverised coal injection (PCI) which provides
numerous benefits over the traditional blast furnace operation. This method involves injecting
pulverised coal through a lance into a stream of pre-heated air in the tuyere that enters towards
the bottom of the furnace. The PCI coal can replace a portion of the coke. Figure 2.4 shows a
diagram of the PCI process. A lance is used to inject coal into a stream of hot pre-heated air.
The stream can also be enriched with oxygen i.e. the oxygen concentration may be above 21%,
but will not contain excess oxygen. Since the heated blast air is heated from 1000 °C to 1200

°C, the coal will react in a very short residence time in the raceway region.

Heated
blast air

Blast Furnace with
Pulverised Coal Injection

Gas treatment

Detail of Tuyére

Iron ore, coke
and limestone

Blast Furnace

Bustle Pipe distributes
blast air around furnace
o Tuyéres

Pulverised Coal Injection

Hot air
blast —*

Tuyéres arrayed
around furnace

| Y1

Hearth Molten iron

Figure 2.4 Diagram of pulverised coal injection (PCI) process. 4°

Besides providing heat for the furnace, the use of PCI also contributes towards the reducing of
the iron oxide through the reactions in Equations 2.1-2.4. Additionally, steam produced by
evaporation of moisture or by oxidation of hydrogen in the PCI coal may also assist in the
production of carbon monoxide through the steam gasification reaction (Equation 2.7). Figure
2.5 provides an overview of the changing gas conditions in the raceway and subsequent

changes in the coal reactions.

23



Chapter 2 Literature review

C+ H,0 - CO+H, Equation 2.7

The benefits of PCI technology include:
e Lower coke consumption rate
e Higher productivity

e Reduced emissions

«——— raceway—»
' 0 Q

Gas composition (%)

b T
! » i
Devolatilization zone

T
Oxidation zone

C+1/202=C0O
'

!
Solution-loss reaction zone

C+C02=2C0O
C+H20=C0+Hz

Figure 2.5 Schematic drawing of pulverised coal reaction in the raceway *°.

Reaction of PC

2.2.1.2 Requirements for a PCI fuel

A coal must meet certain requirements to be used as a PCI coal. This means that PCI coal is
costlier compared to thermal coal. However, compared to coking coal, a wider range of higher
rank coals are suitable. PCI coals are normally evaluated by properties including: Volatile

matter, moisture, calorific value, alkali and sulfur content, and grindability.
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Table 2.3 Chinese specifications of coal used in pulverized coal injection (PCI) !

Property Grade Standard

Ash, wt% Grade 1 <8.00
Grade 2 8.00-10.00
Grade 3 10.00-12.00
Grade 4 12.00-14.00

Total sulfur, wt% Grade 1 <0.30
Grade 2 0.30-0.50
Grade 3 0.50-1.00

Hardgrove Grindability | Grade 1 >70

Index (HGI) Grade 2 50-70
Grade 3 40-50

Total phosphorus, wt% | Grade 1 <0.01
Grade 2 0.01-0.03
Grade 3 0.03-0.05

Total alkali (Na+K), wt% | Grade 1 <0.12
Grade 2 0.12-0.2

Total moisture, wt% Grade 1 <8.0
Grade 2 8.0-10.0
Grade 3 10.0-12.0

2.2.1.2.1 Coke replacement ratio

As previously stated, injecting coal into the blast furnace will replace a portion of the coke that
enters the furnace, thus lowering coke requirements. The coke replacement ratio (CRR) refers
to the mass of coke replaced per mass of coal injected and will fall between 0.8 and 1.0 kg
coke/ kg coal %2 There have been several indices created to predict the coke replacement ratio
if the coal properties are known. Brouwer & Toxopeus determined such an index by analysing

the operating performance of a PCI blast furnace 2.

—118.9 + 2.3xC + 4.5xH + 0.97Xash Equation 2.8

RR =
¢ 100
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Where C, H and ash are the amounts of carbon, hydrogen and ash respectively on a dry basis.
On the other hand Hutny et al. developed a model based on a computer simulation that

correlated replacement ratio with calorific value >.

CRR = —0.6395 + 0.04xAH, Equation 2.9

Where AH, is the calorific value of the fuel on a dry-ash-free basis. Likewise, Ishii also
correlated the increasing coke replacement ratio with increasing calorific value, as well as with

decreasing volatile matter contents *°.

2.2.1.2.2 Ash burden

Higher grade PCI coal favours lower ash content coal. There are several benefits to this
including reduced energy required to melt the ash and reduced blockages in the lance and
raceway. In addition to this, certain components of ash should be limited. Alkalis (sodium and
potassium) can lead to degradation of the furnace lining 2. Sulfur content also should be low.
Flux that is added with coke for desulfurization into the furnace however increasing the sulfur
input in the PCI coal will result in increased flux requirements and subsequently higher slag
volumes and increased energy consumption to melt the slag. Chlorine has been shown to
accumulate and cycle with the blast furnace shaft °°. The gas at the top will be acidic and very
corrosive. It is desired in the blast furnace that the ash fusion temperature is as high as possible
in the blast furnace in order to reduce the risk of lance blockages caused by slag deposits 6.
Amounts of sulphur and phosphorous in the coal also need to be controlled as the will have a
detrimental effect on steel quality °°.

2.2.1.2.3 Volatile matter

The amount of volatile matter present in the coal can have both positive and negative effects
on the blast furnace performance. The volatile matter will release combustible gasses such as
CO, Hz and CHg as well as tar and incombustible gasses. The rapidly released gases will lead
to increases in pressure and momentum in the raceway. Low volatile coals will generally have
a higher calorific value °’, and consequently a higher coke replacement ratio. The lower volume
of gas will lead to a lower pressure differential in the raceway °8. On the other hand, high
volatile matter coal will lead to increased coal burnout °, as the chars produced from these
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coals will have higher reactivity  and also because volatile matter release contributes to coal
burnout. Another factor could be that the volatile flame will assist the ignition of char particles
by increasing the flame temperature. Conversely, volatile oxidation will generate soot particles

which are less reactive than char 6.

2.2.1.2.4 Reactivity

Increasing PCI rate is of interest to maximising productivity and reducing coke consumption,
however one of the main limiting factors is unburnt char ®2. As previously mentioned, char can
be converted to CO, CO», and H> through oxidation or by gasification with carbon dioxide and
steam. Therefore, it is conceivable that char oxidation and gasification reactivity could be
important parameters in the selection of a PCI fuel to maximise the PCI rate. On the other hand,
under high temperatures experienced in the raceway, the reaction rate will be controlled by
diffusion (Regime Il1), therefore the intrinsic reaction rate may be less relevant. However, Lu
et al. ® suggests that in the raceway, the highly turbulent environment and small particle size
will mean that the overall rate of the combustion will be influenced by the intrinsic reactivity.
Additionally, outside of the raceway, unburned char will combust under regime | or regime Il

conditions. &,

2.2.1.3 PCI coal replacements

Due to the high cost of PCI coal, it has been proposed that biomass char (charcoal) could be
used to fully replace the PCI coal %, or as a blend °8 . Wang et al. used a 1-D heat and mass
balance model and concluded that charcoal could completely replace PCI coal, while torrefied
material and wood pellets could only be injected in limited amounts %. Due to the lower S and
ash content, an energy saving could be made as well as CO> emission reduction due to the
renewable nature of biomass. Likewise, Mathieson et al. also considered a charcoal
replacement, but instead used a combustion test apparatus that replicates the blast furnace
tuyere and raceway conditions 8. Under a fixed O/C ratio of 2.0 it was found that blending
charcoal showed comparable or better burnout than a high-VM PCI coal. This could lead to
higher coal injection rates in industrial practice which would subsequently increase
productivity. Machado et al. also investigated the use of charcoal to replace PCI coal using a
laboratory rig that simulated blast furnace conditions °°. It was found that the higher CO;
reactivity led to greater conversion compared to an imported coal used by a steel company.
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One of the problems with charcoal utilisation is its low bulk (packing) density 8. This can
range from 0.1 g/cm? for sawdust ¢, to 0.2 g/cm? for wood pellet waste %, to 0.37 g/cm? for
bark charcoal ®°, although this could be increased to 0.56-0.63 g/cm?® with a pelleting process
%7 In contrast, the bulk density of Victorian brown coal ranges between 0.65-0.67 g/cm? 4.
Feedstock cost and availability are also factors when considering a PCI replacement. The
estimated cost of woody biomass in Australia was estimated to be $33.20 per tonne "°, with a
large portion made up by the harvesting and chipping process. In contrast, the brown coal price

mentioned earlier was $2-7 per tonne and contains more energy.

2.2.1.4 Blending of char with PCI coal

Solid fuel blending is the mixing of coals or other solid fuels to achieve the desirable qualities
for the intended application ’*. The simplest approach to estimate the properties of a blend is

to use a linear additive rule (Equation 2.10) 2.

M=1-x)M, + xM, Equation 2.10

Where M is the property being investigated, Ma and My are the values of property M in

component a and b respectively, and x is the weight fraction of component b in the blend.

Studies have determined that some properties in the blend follow the linear additive rules while
others do not. Riley et al. determined that the ultimate analysis (CHNS), moisture and lower
calorific value are additive properties 3. Ash and volatile matter had a slight variation from the
calculated value, while Hardgrove grindability was non-additive. Hass et al. found that the
proximate analysis volatile matter was additive, the rate of release of volatile matter and the
high temperature volatile matter release in an isothermal plug flow reactor was non-additive .
In addition, the ash content, true density and lower calorific value were additive. They
concluded that mineral compounds that vaporise could be responsible for the non-additive
effects. In terms of combustion performance, it has been hypothesized that the brown coal or
brown coal char could provide heat feedback to the bituminous coal to enhance its burnout *.
Machado et al. al found non-additive behaviour in the gasification of charcoal, Brazilian coal
blend, where the blend reaction rate was lower . Although the work by Mathieson et al. did
not test different blending ratios, it was found that by blending different biomass char just 12%

by weight with PCI coal that burnout could be increased or decreased by as much as 7% 8.
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2.2.1.5 Lab-scale experiments for PCI coal combustion

It has also been possible to evaluate PCI fuels without the use of specifically designed PCI rigs
by instead using a laboratory scale drop tube furnace (DTF) or thermogravimetric analysis
(TGA). Du et al. investigated the effect of “fuel ratio” on the burnout behaviour of a number
of coal in a DTF operated at 1200 °C 8. Fuel ratio was defined as the ratio of fixed carbon to
volatile matter. It was found that burnout was increased with decreasing fuel ratio. Increasing
blast temperature and reducing particle size were also revealed to increase burnout. The effect
of blending two different coal types was and it was established that the burnout of a blend can
be predicted based on a weighted average of the individual coals. Similarly, Hongyu et al.
compared the performance of coals for PCI combustion on both a PCI rig and in a DTF °°, also
finding that burnout linearly increased with increasing volatile matter. It was also determined
that a DTF can provide a reasonable indication of coal combustion performance compared to
a PCI rig. Another study examined the effect of the added catalysts (MnO2, CaO and Fe203)
on the burnout rate of bituminous and anthracite coals in a similar electrically heated DTF
operated at 900 and 1100 °C 77, All three catalysts, blended with the coal at a ratio of 1:99 were
found to increase the burnout of bituminous coal with CaO being the most active followed by
Fe>O3 then MnO». Analysis of the unburnt chars from catalytic combustion by TGA showed
that these possessed higher reactivity than pure unburnt char due to their lower activation
energy. While the previously mentioned study showed a linear relationship between burnout
and blending ratio, it was shown in a different study that blending just 10% of a low-rank coal
with high-rank coals can greatly improve combustion performance, even providing better
burnout than that of the low-rank coal alone when studied in a DTF and by TGA 8. It was
thought that by blending, the volatile matter amount and heating value of the fuel could be

optimised.

2.2.1.6 Modelling of PCI coal combustion

Numerical modelling methods have become increasingly popular for studying pulverised coal
injection phenomena due to the advancements in computing power that is needed to run 3-D
simulations. Compared to an experiment the advantages of a simulation will be more
economical and can be completed in a shorter time. The results will be completely repeatable
and all information is available at any time and location point. Modifications to designs and

operating parameters with ease. On the contrary, simulations require accurate input data and
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validation of results. Simulations will rely on simplifications of real world phenomena so it

must be verified that the appropriate model is chosen.

As early as 1975, computational methods were used in the prediction of laboratory scale coal
combustion reactions with reasonable similarity to their real world counterparts "°. Over the
past 30 years much progress has been made in terms of computational power available allowing
for three-dimensional industrial scale pulverised coal fired furnace simulations in 1988 & and
more comprehensive validation 8. Coal combustion can be quite difficult and computationally
intense to model as it combines two- phase fluid dynamics, turbulent mixing, fuel evaporation,

radiative and convective heat transfer, and chemical kinetics 2.

Some various turbulence and radiation models are summarised below. Table 2.4 summarises

the usage of CFD models in various studies on PCI combustion.

2.2.1.6.1 Turbulence

Tian et al. conducted a study on brown coal combustion compared the widely-used k-
turbulence model and the more advanced Shear Stress Transport (SST) turbulence model .
These are both two-transport-equation Eddie viscosity models. The k- model is highly robust,
commonly utilised and computationally cheap. However, it is only valid where fully turbulent
flow is present so may not be as accurate where low Reynolds number flow occurs such as
boundary layer flows unlike the k-omega model which allows for more accurate near wall
treatment. The SST model combines the best of both worlds, utilising the k-omega model
where flow is near to walls and the k-epsilon model where flow is away from walls using a
blending function. The study found that both the k-epsilon and SST models were in good

agreement with experimental data.

2.2.1.6.2 Thermal Radiation

Radiation in combustion is commonly modelled using either the P1, Monte Carol, Discrete
ordinates (DO) or the Discrete Transfer radiation model (DTRM) which have all been used in
a wide range of combustion applications. The Monte Carlo model provides the best accuracy
for modelling radiation but the large computational time makes it less appealing for industrial
scale combustion simulations 8. Xu et al. found good agreement with plant data using the

discrete transfer model °, while VVuthaluru and Vuthaluru found that simulation results were
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close to experimental observations when using the P1 model . A recent study on brown coal
combustion found the discrete transfer model had good prediction of radiation profiles, while
the P1 model considerably under predicted the wall incident radiation flux 8. Selcuk compared
the DTRM and DO model in a furnace and found that the DO model provided better accuracy

while requiring CPU time three orders of magnitude lower that of the DTRM 88,

2.2.1.6.3 Radiation absorption

Nitrogen and oxygen make up most the gasses during air-fired combustion and are transparent
to thermal radiation. However, carbon dioxide and water vapour which are found more
extensively during oxygen enrichment or oxy-fuel combustion are capable of absorbing and
emitting heat radiation 8. Therefore, high CO2/H,0 conditions promote radiative heat transfer.
The most widely used method of implementing this behaviour is the weighted sum of grey
gases model (WSGGM) %, Yin et al. developed a new set of WSGGM coefficients that are
valid under a range of different air-firing conditions °X. The new model showed a significantly

better prediction of gas temperature in a 609 MW utility boiler simulation.

2.2.1.6.4 Gas phase chemistry

From experiments with methane combustion, it has been determined that the large
concentration of CO, will have a remarkable effect on the combustion mechanism °2. Reactions
of CO- with free radicals such as atomic hydrogen and other hydrocarbon radicals will lead to
formation of greater amounts of CO. This will locally increase CO in the reaction area but
should not affect CO emissions. In reaction mechanisms commonly used in CFD, to enhance
solution robustness and speed, a simplification is used. A common method used in combustion
simulations is the 2-step Westbrook Dryer (WD) mechanism to describe the combustion of
CHa and CO %. For coal combustion, the volatile oxidation is treated like CHa4. Yin et al. found
that this prediction was not sufficient in high CO2 concentration environments . Instead a
modified WD mechanism %, which adds a reverse reaction where CO, forms CO and O can
provide a better prediction of high CO levels and flame temperature in high CO2/H>O
environments. The same study also found that the Jones & Lindstedt (JL) 4-step mechanism
also provided a good prediction CO and flame temperatures with the added addition of Ho.
Likewise, Andersen et al. found a better agreement using the modified WD model, and also a
modified JL model .
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Table 2.4 CFD models of PCI coal combustion

particle size

Source Study Scope of | Volatile matter | Coal  conversion | Turbulence model | Gaseous reactions | Radiation
computational grid | model model
Shen et al. Provide a reliable Lance-blowpipe- Two competing Gibb model (3 Standard k-¢ Eddy dissipation n.s.
(2011) %8 mode for coal/coke tuyere-raceway- rates model reactions) model
combustion. coke bed
Lietal. Optimise parameters Raceway-coke bed | Two competing Multiple surface Standard k-¢ Eddy break-up P-1 model
(2014)%° for increasing burnout. rates model reaction model (3 model
reactions)
Zhou et al. Combustion behaviour | Lance-blowpipe— | Two competing Multiple surface Standard k-¢ Eddy break-up n.s.
(2017)00 under different O, tuyere-raceway rates model reaction model (3 model
enrichment levels. reactions)
Guetal. Simulate combustion Tuyere-raceway Two competing Multiple surface Standard k-¢ Eddy break-up Discrete-ordinates
(2010)* for coals of different rates model reaction model (3 model model
VM content. reactions)
Duetal. Effect of injection Blowpipe-tuyere Two competing n.s. RNG k-g model n.s. n.s.
(2007)102 pattern, O, content, rates model
and inlet temperature.
Guo et al. Effect of volatile Tuyere-raceway Two competing Gibb oxidation RNG k-g model Eddy break-up Discrete-transfer
(2005)3 matter content in coal rates model model method
on burnout
Chen et al. Effect of O Raceway-coke bed | Two competing Kinetic/diffusion Standard k-¢ Eddy break-up P-1 model
(2017)04 enrichment and rates model oxidation model

n.s. — not stated
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2.3

Literature review summary and gas in research

This chapter has given an in-depth literature review of the current state of knowledge regarding

the upgrading of low-rank coals and their application in PCI combustion. Based on this

literature review, several gaps in the knowledge base have been identified.

Firstly, it is of interest to understand the pyrolysis behaviour of Victorian brown coal in
greater detail. Previous studies have particularly focused on pyrolysis of small particles
which are assumed to be isothermal, rather than a briquette. Pyrolysis research has
primarily focused on pyrolysis that occurs immediately prior to combustion rather than
as a standalone process.

The integration of intra-particle heat transfer with pyrolysis modelling has become well
understood for biomass pyrolysis, whereas lignite has not been considered as a fuel to be
upgraded. With its abundant reserves and low cost, this has attracted much industry
attention in recent years, however more knowledge is needed.

To date, the application of low-rank brown coal char as a PCI fuel for a blast furnace has
yet to be tested. Instead, the use of woody charcoal as a PCI substitute fuel for CO>
emission reduction has been examined. Brown coal char has potential to be used in this
field due to its low ash content, however due it is not known if brown coal char will meet
many of the other requirements and if the combustion performance will be acceptable.
Blending combustion is also a worthwhile undertaking for replacement of a portion of
the original PCI fuel to progressively adjust to the low-rank coal derived char while
minimizing impacts on current operations. It is not always easily foreseeable how the
created blend will behave because of possible non-additive/synergistic interactions
between different coals or chars.

The combustion environment with a high CO2/H20 level will induce increased radiative
heat transfer, increased heat capacity of the gas, lower gaseous diffusion and large
presence of CO, and steam in the boiler. It has been hypothesised that the altered
combustion environment may have greater impacts on the combustion behaviour of low-

rank coal due to its high reactivity with CO> and steam.
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Chapter 3 Experimental and Analytical Methods

The section outlines the experimental and analytical methods used in this thesis. They can be
summarised into three groups, experimental facilities which consists of three lab-scale heating
devices, modelling part including computation fluid dynamics (CFD) and one dimensional

modelling and lastly the analytical methods used in sample characterisation.

3.1 Experimental facilities

3.1.1 Vertical shaft furnace

Pyrolysis was conducted in a vertical fixed-bed shaft furnace as shown in Figure 3.1. The shaft
furnace can reach temperatures up to 1000 °C. The furnace itself can heat at 10 °C/min,
however loading the quartz reactor directly into the furnace facilitates a higher heating rate. A
quartz reactor of 1 m length and 55 mm inner diameter was used. Argon at a flow rate of 2
L/min is used to purge the reactor for 20 min prior to heating and during the pyrolysis process
to sweep both the light gasses and condensable tar gasses to the collection system. The
collection system is made up of three impingers surrounded by an acetone-dry ice cooling bath
and kaowool was also placed close to the outlet of the impingers to trap liquid entrained in the
gas flow. Water in the crude tar collected in impingers was quantified using the Karl-Fischer
titration method. The remaining fraction was identified as tar. Gasses exiting the impinger
system enter a gas detector which can measure Oz, CHs, CO, CO2, H2S, and SO; real-time.

B

— ] Eg 5

To fume hood
e for discharge

Ar

Figure 3.1 Shaft furnace schematic (1. Quartz reactor; 2. Heating furnace; 3. Sample; 4-6.
Acetone —containing impinge trains for the tar collection; 7-8: Gas detectors; 9. Argon gas)
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3.1.2 Drop tube furnace (DTF)

The DTF is a 2.0 m high quartz reactor (Figure 3.2). The heating area consists of 6 electrically
heated zones that can be controlled individually up to a maximum temperature of 1000 °C. The
quartz reactor contains an inner chamber of 5 cm diameter. An outer annulus of thickness 1.5
cm surrounds this inner chamber, making the reactor diameter 8 cm total. The outer annulus is
designed to allow gasses to be preheated.

Coal
feeder

Primary
as
£ Coal
=~ injector
Pyrometer
B — ; S s
J
XX

High-;peed
camera

300 mm

2000 mm

4 tj é Water in
> : ““;5[‘“‘: Thimble filter
Secondary T W =
gas / ................. ; ’
H,0 from Water out / l

Dry ice

hoz To gas analyser

HPLC pump

Figure 3.2 Schematic drawing of the DTF reactor facility *

The gas controls allow the addition of three different gasses simultaneously. Gasses can be
either diverted to primary or secondary gas streams. The primary gas flows through the sample
chamber and enters the reactor with the sample. The secondary gas enters the bottom of the
reactor and then flows through the outer annulus where it is preheated. It then mixes with the
primary gas and sample close to the injector tip. In addition, water can be added via an HPLC
pump and enter with the secondary gas. This inlet is close to the reactor so will allow the water
to be instantly vaporised due to the high temperature. The typical primary and secondary gas

flow rates are 1 L/min and 9 L/min respectively.

The solid sample is stored in a piezo-electric feeder. The feeding rate can be adjusted and is
typically set at 0.5 g/min. An air tight chamber surrounds the feeder with only one inlet and
one outlet. The inlet allows the primary gas to surround the sample. The sample is fed into the
outlet and will become entrained in the gas that also enters this chamber. The outlet contents
descend to the reactor via a silicon tube which is connected to a water-cooled injector. The

water-cooled injector allows the sample and primary gas to remain below 100 °C until it enters
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the inner chamber of the reactor, whereby they will be rapidly heated and mixed with the
secondary gas. Three different lengths of injector are available to vary the particle residence
time in the reactor. These injector lengths are summarised in Table 3.1.

Table 3.1 Summary of DTF injectors

Injector protrusion into Reaction zone length (m) Approximate particle
reactor (m) residence time ()
12 0.6 0.7
0.6 1.2 14
0.0 1.8 2.1

At the bottom of the reactor the gaseous products and solid material (unburned char or ash) can
be collected. Firstly, they enter a collection tube. Course particles will fall straight down into a
collection flask while fine particles will be entrained in the gas flow. A Whatman silica
microfiber thimble filter traps the particles while the gasses can pass through. The microfiber
filter and flask are cooled with dry-ice to prevent further reactions. Gas that passes through the
filter are then sent to an infrared gas detector capable of measuring CO2, CO, SO2, NO and Ox.

3.1.3 Flat flame burner (FFB)

For ignition delay testing and flame structure analysis, a flat flame burner (FFB) was used. This
has previously been used in another study 2 and is shown in Figure 3.3. Specifically, the type
of FFB used is the McKenna burner. The liquid fuel (C2Ha/H2) and oxidiser are premixed and
evenly distributed through a matrix prior to ignition. The flame provided can be assumed to be
one-dimensional and a standard for comparing samples. At the base of the burner the
temperature is approximately 1000 °C while the quartz walls are lower temperature, at 500 °C
due to heat loss.

Coal is fed from a hopper via a piezo-electric feeder and a carrier gas. The entrained coal
particles enter from the base of the burner and pass through the flame and into the heated
furnace area and a longer vertical flame will be visible. Flame images are taken using a Nikon
P7000 CCD camera. In each image, the distance between the burner base and beginning of the

flame can be measured.
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Figure 3.3 Schematics of the flat-flame burner reactor 2.

3.2 Modelling

3.2.1 Computational fluid dynamics (CFD) modelling

CFD modelling is the use of numerical analysis to solve fluid flow problems using the Navier-
Stokes equations. The purpose of using CFD software was to perform a comprehensive analysis
on flows that occur during combustion in such a detail that is not possible in a laboratory DTF.
It was also used for the speed and ease of parameter adjustment.

The software used in CFD modelling is Ansys Fluent 15.0. The computational grid is a
representation of the DTF from section 3.1.2. This mesh was created for a previous study by
Jian et al. 3. The grid consists of 231 000 cells and encompasses all features of the drop tube
furnace including the primary gas inlet, secondary gas inlet with outer annulus gas preheating,
and the water-cooled injector. In the previous study, it was validated through gas and particle
temperature measurements and a grid independence test was performed. A visual

representation of the mesh is shown in Figure 3.4.
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Figure 3.4 Modelling geometry and local expansion diagrams for the DTF. 3

The following models were used: turbulence — standard k-¢ model; radiation — discrete
ordinates (DO) model; radiation absorption — modified WSGGM for air-fired # and oxy-fuel
combustion ®; particle tracking - Lagrangian discrete phase model (DPM); gas phase chemistry
— Westbrook-Dryer and modified Westbrook-Dryer model for oxy-fuel combustion; particle

reactions — Multiple surface reaction model (char-O2, char-CO., char- H0).

Although this model is based on previous work by Zhang et al. 3, some of the changes to this
model are detailed as followed. As previously shown (Table 3.1), the drop tube furnace allows
different particle residence times by insertion of different water-cooled injectors. Previously
the mesh only allowed for the longest residence time, however now it has been modified to
simulate all three residence times. For combustion in an O2/N2 environment, a modified
WSGGM for radiation absorption was implemented based on the work by Yin 4, rather than
the default Fluent WSGGM. Temperature and composition dependent gas heat capacity and
thermal conductivity were added. Major species (O2/N2/CO2/CO/H>) have their heat capacity
and thermal conductivity defined by a polynomial function, while minor species use the kinetic
theory model for this. Finally, a method for addition of a second coal stream for coal blending
was added. Since the in-built coal calculator function is only compatible with one injection, the
coal particle, carbon species and volatile species are duplicated, and the properties are copied
from another case, including volatile oxidation reactions, volatile release kinetics, char
reactions, and dry basis volatile and char fractions in the particle. A second injection is then

created at the site of the first injection (Primary air inlet) and the different volatile species, coal
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particle, carbon species, and liquid volume fraction are specified. Blending ratio is controlled

by adjusting the mass flow rate of each particle injection.

3.2.2 1-D numerical modelling

The software used for numerical calculations is MATLAB. MATLAB is a computing
environment that uses its own programming language which contains many built-in maths
functions, graphing tools and solving methods including error minimisation and solving of

simultaneous partial and ordinary differential equations.

One of the primary functions used in MATLAB for this work is “pdepe”. pdepe is useful for
solving systems of parabolic and elliptic PDEs that have one space dimension and one time
dimension as well as combining ODEs with one time dimension. The PDE must fit into the

following form:

( . 6u)6u_ m 9 ( . au) N . ou
c\obugr)ae =% e\ ¥ S By )| sk bugD
Where x is the space variable, t is the time variable, u is the variable to be solved and m is the

geometry of the problem which can be set to 0, 1, or 2 corresponding to a slab, cylinder or

sphere respectively.

3.3 Samples analysis

3.3.1 Proximate and ultimate analysis

The proximate analysis is used to determine the composition of the coal or char sample in terms
of moisture, volatile matter, fixed carbon and ash. While the ultimate analysis determines the
composition in terms of carbon, hydrogen, nitrogen and sulphur (CHNS) and oxygen. These
elements can be assumed to be contained within the volatile matter and fixed carbon. It is
important to understand the different bases that are used to report these results and how to
convert between them. Under different circumstances, a certain basis may be more useful for
comparing samples. For example, dry basis could be used to determine the samples

composition after drying.
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The following terms are commonly used in this thesis:

Air-dried or ad: This basis assumes the sample has been dried although some moisture is
remaining. In terms for the proximate analysis, the moisture, volatile matter, ash content and
fixed carbon will sum to 100%. And for the ultimate analysis, the CHNS + oxygen + ash +

moisture will sum to 100%.

Dry basis or db: This basis reports the components that would be remaining once moisture is
removed. Therefore, for the proximate analysis the volatile matter, ash content and fixed carbon

will sum to 100%, while the CHNS + oxygen + ash will sum to 100%.

Dry ash free or daf: This basis excludes both moisture and ash. Therefore, it will indicate on a
basis of all the combustible matter in the sample. For the proximate analysis, only volatile
matter and fixed carbon are reported and these sum to 100%. For the ultimate analysis, CHNS
+ oxygen will sum to 100%.

The table below can be used to convert between these bases where A is ash and M is moisture.

Table 3.2 Conversion between air dry, dry basis and dray ash free

To obtain: Air dry (ad) Dry basis (db) Dry ash free (daf)
Multiply

ad by - 100/(100-Mag) 100/(100-Mag-Aad)
db by (100-Mag)/100 - 100/(100-Adb)

daf by (100-Mag-Ad)/100 | (100-Ads)/100 -

The proximate analysis procedure was carried out per ASTM Standard D3172-13 ©. Firstly, the
sample needs to be ground so that it passes through a 250 um sieve. The sample should have
already been air dried. A muffle furnace, capable of temperatures up to 950 °C is needed, a
desiccator for cooling samples and ceramic crucibles with lids to hold the samples. The
moisture in the sample is determined per ASTM Standard D3173 — 11 7. The sample is placed
in a 105 °C oven and held for 1 h. Just prior to its removal, a cap is placed on top to prevent
moisture being reabsorbed while cooling. Once the sample reaches room temperature, it is
weighed and the difference in mass before and after heating, divided by the initial weight, will

give the moisture fraction. For the ash content, ASTM Standard D3174 — 12 & is used. Either
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air dried, or dried coal can be used for this test as well as the following volatile matter test, and
the result will be reported on that basis (e.g. ad or db). The sample is placed in the muffle
furnace at room temperature. The furnace will then be heated so that 500 °C is reached at the
end of 1 h and 750 °C by the end of the second hour. It is then held for an additional 2 h. The
sample can then be removed, cooled down and weighed. The fraction of ash is taken as the
remaining mass divided by the initial mass. Following this, the volatile matter is determined
per ASTM Standard ASTM D3175 — 11 °. The furnace is preheated to 950 °C. The sample is
placed inside the crucible with its lid on and placed inside the 950 °C furnace. The lid will
prevent air from entering the container and oxidising the sample. Oxygen should theoretically
be consumed first by flammable volatile vapours being released. At the end of 7 min, the
sample is removed from the furnace and allowed to cool. The difference in initial and final
mass, divided by the initial mass, is the fraction of volatile matter. From here, the fixed carbon
can be determined as the remaining fraction besides moisture, ash and volatile matter on an air-
dried basis. Or the remaining fraction after accounting for ash and volatile matter on a dry
basis.

The ultimate analysis was outsourced to an analytical services company. The analysis was
performed using a CHNS elemental analyser, which oxidises the sample and analyses the
compounds generated by thermal conductivity. CHNS composition is determined directly, and
oxygen is assumed to be the remainder of the sample after CHNS, ash and moisture are

measured.

3.3.2 Thermogravimetric analysis (TGA)

TGA was carried out in a Shimadzu DTG-60H. It allows for simultaneous measurement of
temperature, mass and differential thermal analysis (DTA). The temperature can be increased
up to 1500 °C and the heating rate can be set between 1 and 50 °C/min. Mass is measured to a
precision of 0.001 mg. DTA measures the difference in temperature between a reference and
the sample and quantifies this as electric potential difference (voltage). This reading will
indicate the extent to which the sample absorbs or releases heat, i.e. whether the reaction is
endothermic or exothermic. The entering the TGA may be inert (nitrogen or argon) or reactive
(air or carbon dioxide). Three main analysis types were conducted in the TGA listed (ignition
temperature analysis, kinetic analysis and burnout determination) and these are detailed below.
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For all experiments, the samples do not require drying since this process can be carried out by
the instrument. Flow rate of the inert or reactive gas was set to 100 ml/min. For the ignition
test and kinetic analysis, the particle size was fixed at 63-105 xm and the amount of sample
was varied between 1.5-5 mg. It is important that the heating rate remains linear; using too
much sample in an oxidative environment will cause the sample to heat faster than intended.
However, enough sample should be provided so that a high resolution can be obtained for the
measurement of the mass loss derivative or the DTA signal compared to the noise or baseline
drift. Generally, samples with a higher calorific value and low volatile matter will require less
sample to be used. Also, samples with a higher activation energy will react in a well-defined

temperature region, therefore less sample is needed as the peak will be strong.

3.3.2.1 Ignition temperature analysis

Although the TGA has a relatively slow heating rate compared to combustion in a boiler, there
have been several methods created for estimating the ignition temperature. This can be useful
for comparing different samples. Two of these methods have been used in this thesis.

The first method was devised by Chao et al. 1°, illustrated in Figure 3.5. The heating rate was
fixed at 10 °C/min and the sample was heated to a point where all the combustible would be
consumed, leaving only ash. The mass curve is differentiated with respect to time, and the point
of the maximum reaction rate is found. The corresponding point at this time on the mass curve
was determined as point A. From point A, a tangent line was drawn. Another horizontal line is
drawn at point C on the mass curve, at a region after the sample has dried (above 110 °C) and
has not yet begun decreasing further in mass. The intersection of the horizontal line with the
tangent line was determined and this is point B. The corresponding point in time on the

temperature curve will be the ignition temperature.
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Figure 3.5 Determination of ignition temperature with the Chao et al. method *°

The drawback of this method is that it is not always simple to choose a maximum reaction rate
if there is more than one peak visible. This is especially the case when coals are blended. An
alternative method was substituted when coals were blended, devised by Wang et al. 1. Using
the same curve as the previous method, the ignition temperature was defined as the rate at
which the weight loss rate measured in %/min reaches 1%. As can be seen in Figure 3.5, this

occurs at a similar temperature to the previous ignition point measurement method.

3.3.2.2 Kinetics analysis

The Kissinger method has been used to determine the kinetic parameters, pre-exponential
constant and activation energy for solid-gas reactions assuming a first-order reaction with
respect to the solid. Equation 3.1 and Equation 3.2 are used to describe the conversion rate of

the solid assuming a constant gas concentration and first-order kinetics.

d—a =k(1—-a) Equation 3.1
dt
k = Ae‘g—% Equation 3.2

The Kissinger method adapts the equation for TGA studies with a non-isothermal, linear
heating rate in Equation 3.3.

AR E .
In (%) =In (—) - Equation 3.3
T E,)  RT,
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Where B is the heating rate. By plotting In (%) against Ti the pre-exponential constant and
D P

activation energy can be determined from the slope and intercept.

3.3.3 X-ray fluorescence (XRF) spectroscopy

XRF (Spectro iQ I1) is a non-destructive technique that is used to determine the elemental
composition of a sample. It operating principle is the measurement of secondary radiation
emitted by a sample that has been irradiated by high energy X-rays. The X-ray will dislodge
an electron from one of the inner orbitals and subsequently the vacancy will be filled by one of
the higher energy orbitals. The energy difference between these states is emitted and is
characteristic of the element. It is calibrated with three fly ash standard material: SAM 16333,
SARM 163c and SARM 2690.

3.3.4 X-ray diffraction (XRD) spectroscopy

XRD (Rigaku MiniFlex) was used in determining the aromaticity of char samples using the
technique of Yen et al. 2. The low sin(6/2) region contains both the y and (002) bands which
are representative of aliphatic and aromatic groups respectively. By assuming the peaks are
symmetrical and integrating the area underneath them the aromaticity can be determined with
Equation 3.4.

Aooz .
Aromaticity, fa = —————— Equation 3.4
Ago2 + 4y

3.3.5 Mercury intrusion

Mercury intrusion was used in this thesis for the purposes of measuring particle density and
permeability. This was accomplished using a Micromeritics' AutoPore IV. A sample mass of
approximately 1 g was used and pressure was increased up to a maximum of 60,000 psia (4,100
bar). A graph like Figure 3.6 is produced. At point A, the mercury has surrounded the mass of
particles and when the pressure is further increased there will be an abrupt change in mercury
intrusion volume indicating that mercury is filling the spaces between particles until it reaches
point B where mercury has enveloped every particle. Each particle contains micron sized pores.
Further increasing the pressure will cause mercury to fill these pores causing another increase

in the intrusion volume until point C where these pores have been filled.
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Figure 3.6 Cumulative intrusion plot compared to pressure. At point A the mercury has
surrounded the particles, then at B the mercury has filled the gaps in between the particles.

Following this the mercury will fill the pores of particles up to point C. 3

To calculate the envelope density (sometimes referred to as particle density), the total intrusion
volume at point B must be known, as well as the empty volume of the vessel. From there the
remainder will be the envelope volume which includes the solid, pores, both opened and closed,
and possibly also external voids created by the roughness of the surface. Density is then
calculated by the measured mass of the powder divided by the envelope volume.

Permeability was also determined using the same mercury intrusion experiment. To calculate
permeability, the characteristic length must first be determined. The pressure must be
determined where the mercury first spans the sample, known as the threshold pressure. The
Washburn equation gives relationship between the applied pressure and pore size that the
mercury can be force into. The corresponding pore size for the threshold pressure is the

characteristic length. A micrometrics white paper gives further details about this calculation 4.

3.3.6 Electron spin resonance (ESR) spectroscopy

Free radicals in solid char are measured using electron spin resonance (ESR) spectroscopy
using a previously established method . The ESR spectrometer (EMXplus-10/12 from
Bruker) was operated at 9.85 GHz and 0.1 mW. The central magnetic field was 348 mT, the
modulation amplitude was 1.0 G, the sweep width was 5 mT, the sweep time was 50 s, and the

time constant was 0.01 s. The char or coal samples was loaded into the ESR sample tube and
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directly measured at room temperature. By calibrating the area of the ESR signal with 2-
diphenyl-1-picrylhydrazyl (DPPH) of known radical concentration, the concentration of
unpaired electrons can be determined, expressed in spins/g.

3.3.7 Helium pycnometry

Helium pycnometry is used in the calculation of true density. This is with a similar principle to
envelope density (0), however the fluid medium is helium instead of mercury which will readily
fill pore volume. A Micrometrics AccuPyc 1330 is used for this purpose. The instrument
consists of two chambers, one that holds the sample and another of known internal volume *°.
A pressure is applied to the reference chamber and is then vented to the sample chamber.
Firstly, this is done for a calibration sample of known volume. Following this the sample

volume can be calculated using the Boyle’s Law temperature — volume relationship.
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Modelling Approach

The literature review in Chapter 2 has shown that pyrolysis can generate a char product with a
higher heating value that could potentially be used as a substitute for PCI coal. Additionally,
briquetting of coal was shown to be an effective method of densifying coal and improving the
stability during transport. The first point of interest, is to consider the modelling of this
pyrolysis process for a large briquette and understand the mechanisms behind pyrolysis in
terms of heat transfer and char structure. This chapter has been reformatted from a manuscript
submitted to the Fuel journal.
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Abstract
A laboratory-scale shaft furnace was used for the pyrolysis of the lignite briquette together with

thermogravimetric analysis to study the intrinsic pyrolysis kinetics under two different heating
rates, 10 °C/min and 100 °C/min. Apart from coal conversion rate, the tar yield, quality and
radical concentration in char were also measured to explore the difference between lignite
briquette and the respective pulverised powder. Additionally, a 1-D model coupled with the
chemical percolation devolatilisation (CPD) code was developed to quantitatively understand
heat transfer using temperature dependent parameters; product distribution and yields, and the
pyrolysis mechanism. It was discovered that heat transfer was the limiting factor for pyrolysis
of the lignite briquette, which subsequently lowered the heating rate and led to increased cross-
linking and decreased tar production compared to a coal particle. Simultaneously, the primary
tar also underwent internal cracking and even deoxygenation to decompose into light aromatics
and gases inside the briquette char matrix. Providing a hot gas environment was found to
facilitate the cracking of tar species compared to a slow heating rate where tar is released at a
lower temperature. The changes in radical concentration in the solid material were linked to
the structural changes predicted by the CPD model including bridge-breaking, tar release and

cross-linking phenomena.

Keywords
Lignite Briquette Pyrolysis, 1 - D Modelling Coupled with CPD Code, Heating Rate, Radicals
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4.1 Introduction

Being the single largest source in Victoria, Australia, Victorian brown coal is a resource with
large reserves and can be extracted at a low cost *. Upgrading it to higher value products
through pyrolysis is one of the promising ways in the carbon-constrained future. The resultant
solid char can be used in a number of applications such as the use as a low-volatile pulverized
coal injection (PCI) coal replacement in the metallurgy industry, which has a market price of
USD $100-150/t in 2015 2.

The pyrolysis process induces both physical and chemical changes during the conversion to
char, liquid tar and gas 3. To date, plenty of knowledge has been achieved for the pyrolysis of
VBC and other lignites, as documented in the two major monographs % 4. However, past
research on the pyrolysis has focused on the behaviour of pulverised particles that are generally
smaller than 200 zm. From the practical perspective, increasing the transportability (e.g.
mechanical strength and particle size) of the pyrolysis char is crucial in the Australian context,
since the produced char will be primarily exported overseas to feed the international energy
and metallurgy markets. For such a purpose, a prior pelletization of coal fine particles is
essential. While the previous studies have provided understanding on the reactions within a
small particle °, little is known about the complicated inter-influences between pyrolysis
reactions and physical processes (heat and mass transfer) within a coal briquette. Some research
has also been carried out on the pyrolysis of Collie coal briquette in Western Australia, with a
focus on the production of metallurgical reductant requiring a mechanical strength of 6.9-30
MPa and a reactivity index of 2.6 - 28% towards CO 5 ’. However, the results are not directly
applicable to Victorian brown coal which has a much higher volatile yield and lower strength.
Research has also been conducted on the pyrolysis of low-rank coal — biomass/municipal solid
waste plastic (MSW) blends and the briquettes (using commercial humates and molasses as the
binders) & °. However, efforts have yet to be made to examine the pyrolysis behaviour of the
briquetted brown coal.

In this paper, we will report the pyrolysis of a Victorian brown coal briquette under the varying
conditions in a fixed-bed reactor, including two particle heating rates (10°C/min and 100
°C/min), five terminal temperatures (600 - 1000 °C) and hold-time (10 - 60 min) at 800 °C.
The slow heating regime (10 °C/min) is expected to occur in a rotary kiln pyrolyser or the

middle zone of an industry - scale fixed - bed, under which the briquette temperature is
62



Chapter 4 Pyrolysis of Lignite Briquette — Experimental Investigation and 1-Dimensional

Modelling Approach

expected to be even in the radial direction, whereas for the fast heating (100 °C/min), which is
expected to occur close to the furnace wall in an industry-scale pyrolyser, the pyrolysis extent
could be limited by the internal heat transfer within the coarse particles or briquette. Apart from
the briquette, the parent raw coal was screened to four different sizes and each size was
examined for comparison. To quantify the temperature distribution and reaction controlled
rates for the solid char production, a 1-D model was further established and coupled with the
existing CPD model 1 to integrate structural, temperature and pressure variations within the
cylindrical coal briquette. To the best knowledge of the authors, such an effect has yet to be
made in the past research where the CPD model has only been applied to smaller particles
which are generally assumed isothermal and isobaric. Additionally, the resultant char was
characterised for the concentration of radicals within it, which are expected to be related to the
extent of the cleavage of the covalent bonds within the briquette matrix %, as well as tar yield
and quality from the briquette pyrolysis. The radical concentration has proven to be one of the

effective parameters to correlate the properties of char and tar and the pyrolysis conditions
13

4.2 Experimental methods

4.2.1 Properties of coal particles and briquette

The feedstock materials for pyrolysis are coal particles of varying size and a coal briquette
sampled from the Latrobe Valley, Australia. The coal particles were grouped into four size
bands, <2 mm, 2-4 mm, 4-8 mm and > 8 mm with the average size in each group approximately
400 pm, 2.9 mm, 6.1 mm and 11.2 mm, respectively. The upper limit of the >8 mm size bin is
~16 mm and the <2 mm size bin contains particles as small as 40 um. The respective briquette
possesses a dimension of 4.0 cm in height and 4.8 cm in diameter. The manufacturing of coal
briquette is the same as that has been detailed previously L. In brief, the coal fine particles with
a moisture content of around 10 wt% were roller pressed at a pressure larger than 100 MPa.
The proximate and ultimate analysis for these samples is shown in Table 4.1. The different
sizes of the raw coal show slight variation, in particular on the content of ash. The property of
coal briquette is however very similar with the four coal sizes, expect for ash and sulphur that
are slightly higher in the briquette. This could be due to the preferential use of coal fine particles

that are slightly rich in ash-forming elements for coal briquetting, as evident in the size of <2
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mm. The coal briquette also contains a lower moisture content than the air-dried pulverised

coal, possibly due to the release of the physically trapped moisture upon roll pressing.

Table 4.1 Proximate and ultimate analysis for feed materials

Air-dried pulverised coal particles Briquette
Size range <2mm 2-4 mm 4-8 mm >8 mm
Proximate analysis, wt%
Moisture (ar) 13.67 14.20 14.85 12.37 9.68
Volatile (db) 54.56 55.51 52.43 56.57 55.83
Fixed carbon (db) | 42.88 42.76 45.74 41.83 40.56
Ash (db) 2.55 1.72 1.83 1.60 3.61
Ultimate analysis (db), wt%
C 62.22 62.12 61.69 62.43 62.44
H 4.51 4.69 4.81 4.68 4.87
O (by difference) | 29.97 30.67 30.91 30.61 28.24
N 0.58 0.62 0.60 0.55 0.61
S 0.16 0.17 0.16 0.14 0.23

4.2.2 Pyrolysis Conditions

Pyrolysis was conducted in a fixed-bed shaft furnace as shown in Figure 4.1. A quartz reactor
of 1 m length and 55 mm inner diameter was used. Argon at a flow rate of 2 L/min is used to
purge the reactor for 20 min prior to heating and during the pyrolysis process to sweep both
the light gasses and condensable tar gasses to the collection system. The collection system is

made up of three impingers surrounded by an acetone-dry ice cooling bath and kaowool was
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also placed close to the outlet of the impingers to trap liquid entrained in the gas flow. Note
that, the tar deposited on the reactor wall was also weighted and collected by acetone. It was
then mixed with the tar collected from the impinge trains and the mixture was analysed
hereafter. Water in the crude tar collected in impingers was quantified using the Karl-Fischer
titration method. The remaining fraction was identified as tar. Gasses exiting the impinger

system enter a gas detector which can measure Oz, CHs, CO, CO», H-S, and SO real-time.

Coal particles and briquette were pyrolyzed in two different processes which are defined as
slow heating and fast heating hereafter. For slow heating, coal particles or briquette were heated
with the reactor together at 10 °C/min up to a terminal temperature from 600 to 1000 °C, with
increments of 100 °C. For fast heating conditions, the furnace was heated up to 800 °C first,
and subsequently, the particle/briquette-laden quartz reactor was inserted into the furnace and
held for a time that is varied between 10 and 60 min, with increments of 10 min. The fast
heating rate was measured to be an average of approximately 100 °C/min for the environment
surrounding the coal particle/briquette and the terminal 800 °C was reached within
approximately 8 min once the coal - laden reactor was injected inside the furnace. After both
the heating modes, the quartz tube was removed from the heating furnace and the sample was

rapidly cooled in approximately 10 min.

— ] Eg 9

To fume hood
0 for discharge

Ar

Figure 4.1 Shaft furnace schematic (1. Quartz reactor; 2. Heating furnace; 3. Sample; 4-6.
Acetone —containing impinge trains for the tar collection; 7-8: Gas detectors; 9. Argon gas)
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4.2.3 Char property analysis and TGA pyrolysis conditions

Particle density (also known as envelope density) was measured using an Autoscan 60 mercury
intrusion instrument up to a pressure that will fill inter-particle space but not enter pores. In
order to find true density to be used in the calculation of porosity, a helium pycnometer

(Micrometrics AccuPyc 1330) was used. Porosity ¢ was further determined with the following

Equation 4.1:
e = Vvoids =1— Vsolid —1— mparticle/ptrue —1— Pparticle Equation 41
Voarticle Vparticte Mparticle /pparticle Ptrue

Permeability was determined using a Micrometrics Autopore IV. A white paper by

Micrometrics provides the principles used in the calculation of permeability 4.

TGA experiments conducted in a Shimadzu DTG-60H thermogravimetric analyser were first
used to validate the intrinsic mass loss rate without any secondary reactions of coal predicted
by the model (to be detailed later) at different heating rates. The heating rate was varied from
20 °C/min to 50 °C/min in 10 °C/min increments and the surrounding environment is argon
gas supplied at 100 ml/min. To determine the pyrolysis behaviour of lignite briquette, it was

first ground to less than 100 zm.

Free radicals in solid char were measured using electron spin resonance (ESR) spectroscopy
using a previously established method 2. The ESR spectrometer (EMXplus-10/12 from
Bruker) was operated at 9.85 GHz and 0.1 mW. The central magnetic field was 348 mT, the
modulation amplitude was 1.0 G, the sweep width was 5 mT, the sweep time was 50 s, and the
time constant was 0.01 s. The char or coal samples were loaded into the ESR sample tube and
directly measured at room temperature. By calibrating the area of the ESR signal with 2-
diphenyl-1-picrylhydrazyl (DPPH) of known radical concentration, the concentration of

unpaired electrons can be determined, expressed in spins/g.

4.2.4 1-D model formulation

There have been many efforts in the literature to model the pyrolysis process which considers

a non-isothermal solid. Devolatilisation is commonly modelled in either a volumetric model
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(VM) > 18 or shrinking core model (SCM) " 8 For a decomposition process, such as
pyrolysis, while SCM can describe the process whereby volatile matter can only escape the
particle through the more porous char on the exterior of the pyrolysis front. The intact coal core
is still porous, and hence, a volumetric model may be more appropriate. In light of this, a
transient 1-D model based on the volumetric model was developed hereafter to describe the
volatile release and temperature profile of coal particles/briquette. Thermal conductivity and
heat capacity were derived from literature sources and are dependent on temperature and

moisture * 19,

The rate of coal pyrolysis must also be determined. One of the simplest methods for this is a
first-order devolatilisation model which is dependent on the amount of volatiles remaining in
the particle (based on a fixed volatile content determined by proximate analysis or
experimentally) and the kinetic rate which is temperature dependent and described by an
Arrhenius type pre-exponential factor and an activation energy. This method has proven
adequate in combustion simulations 2. However, such a model would be unfeasible for
simulating a variety of heating rates during the pyrolysis stage, since for complex materials,
the modelled value of the pre-exponential factor and activation energy are generally dependent
on the heating rate used to determine them 2%. An extension of the first-order model that aims
to encompass this characteristic is the distributed activation energy model (DAEM) which
incorporates a large number of parallel first - order reactions 2. This method is not
computationally expensive and can accurately simulate the pyrolysis process at multiple linear
heating rates. However, these models do not consider the temperature history of the particle
undergoing pyrolysis so may not be valid for non-linear heating rates that usually occur for
coarse sizes and briquette. Moreover, these models limit the extent of pyrolysis to one value,
neglecting the impact of heating rate on the char yield. If a SCM model was chosen, this type
of model would be the only option whereby the pre-exponential factor could be modified from

1/stom/s .

The reactions that occur during pyrolysis are more accurately simulated by a variety of other
models which would better fit experimental data at different heating rates and provide useful
information on char, tar and gas production. A more complex approach was established by
Miller & Bellan for biomass which describes the pyrolysis process with four first - order

processes 3. An active material is initially formed from the raw sample. Subsequently, this
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active material converts into either tar (which is then vaporised in a separate equation) or the
simultaneous production of char and gas. A more advanced set of methods known as network
models are based on the chemical transitions in coal structure which is included in the FG-
DVC % FLASHCHAIN %, and CPD models %°.

The CPD code developed by Fletcher & Kerstein © 26 js advantageous because its source code
is freely available and can therefore be customised, and independently verified with ease. It
will therefore be used to describe the pyrolysis rate in this study. It has also been implemented
into the commercial CFD software, Ansys Fluent. The CPD model treats coal as aromatic
clusters whose labile bonds can be cleaved forming two sets of fragments, including one set
with relatively low molecular weight to evolve into a light gas, and another with a higher
molecular weight and consists of tar precursors to remain in the coal for a longer time. The
latter set can be vaporised through a vapour - liquid equilibrium system based on Raoult’s Law

or reattach to the coal lattice with a cross - linking mechanism.

The heat balance in the cylindrical briquette is described by the partial differential equation
(PDE) in Equation 4.2 below.

T 10 T dat 0x
pCy 3t = ;a( * a) — p(AHp o1 It + AHyap,1,0 ot

Where « is the fraction of volatiles remaining at the time t, and x is the fraction of moisture.

) Equation 4.2

Moisture evaporation is described by a first - order equation with the kinetic rate described by
the Arrhenius equation once T > 95 °C, similar to Bryden et al. ?/, although the pre-exponential
factor is modified from 5.13x10° to 9.52x108 s which had a better fit with the experimental

data, while the activation energy was kept at 88 kJ/mol.

The heat capacity and thermal conductivity of coal/char are taken from a previous study that
had analysed lignite properties in the range of 25 — 1000 °C by using a laser flash system for
the measurement °. It is noticeable that these properties have a large variation with
temperature. The measurements were converted to a second or third degree polynomial so that
the R? fitting coefficient was at least 0.99. Heat capacity and thermal conductivity can be
calculated from a weighted average of the water and dry coal/char constituents 4. For density

of the coal containing moisture, it is assumed that the moisture will fill pores in the coal,
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increasing its density. Moreover, the combined result of particle shrinkage and mass loss will
affect the char density during the pyrolysis process. In this study, coal shrinking during
pyrolysis was modelled based on an empirical equation derived from experimental results. This
was done by measuring the particle diameter as a function of pyrolysis yield. After almost
complete devolatilisation, the particle diameter has been reduced by 25%. During later stages,
the shrinkage increases more rapidly compared to the volatile release. Table 4.2 summarises
the calculation of the aforementioned properties.

Table 4.2 Calculation of density, specific heat capacity and thermal conductivity as a function

of temperature (T [°C]), moisture fraction and volatile fraction remaining (V/V*).

Property Condition Equation Range Source
Density, p (kg/m®) Wetcoal |p dry % (1 + Moisture fraction) - -
Dry coal 1083.9 25-100°C | This
study
Shrinkage factor | Dry coal -0.214 x (VIV*)® + 0.181x 0-1 This
(m/m) (VIV*)? —0.217 x (VIV*) + study
1.0
Specific heat | Moisture 8.58E-03 x T2-5.83E-01 x T | 25-100°C 28
capacity, C, (J/kg.K) + 4.19E+03
— Weighted average | Coal -1.58E-06 x T+ 2.78E-03 x | 25-1000 °C 19
T2-7.12E-01 x T + 1.36E+03
Thermal Moisture | -9.37E-06 x T+ 2.12E-03 x T | 25-100 °C 29
conductivity, k + 5.60E-01
(W/m.K) — Weighted | Coal 2.12E-06 x T?- 4.54E-04 x T+ | 25- 1000 °C 19
average 9.33E-02

Heat can be transferred to the briquette via free convection and radiation, according to Equation
4.3 below.

dT .
_ka = W(Te —T) + €0(Too* — T,H Equation 4.3
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Where k is the thermal conductivity of the coal particle/briquette, h is the heat transfer
coefficient, ¢ is the emissivity of the particle/briquette, and o is the Stefan—Boltzmann constant,
5.670 W m?2 K*. T, and Ts are the reactor temperature and particle surface temperature
respectively. While the experiments were carried out with a large number of particles, a
limitation of the 1-D model is that it assumes a single particle is being heated rather than a
group. Thus, effects such as inter-particle heat transfer and variations in radiation intensity
based on position are neglected. In addition, the electric furnace used here is big enough to be
deemed as the single heating source for the reactor and all the reactants. The radiation is also
negligible since the temperatures used are quite low. A common method of estimating
emissivity is by using a conversion dependent model between unburned coal/char (1.0) and ash
(0.6) 3% 3L, Considering that the char conversion is extremely trivial and negligible under the

mild pyrolysis conditions tested here, the emissivity of char is assumed at 1.0.

The heat transfer coefficient, h, can by calculated by obtaining the Nusselts number from
Equation 4.4which is valid for external natural flow around vertical cylinders 2, and then

solving for h in Equation 5

Nu = 0.59(Gr. Pr)%2> Equation 4.4
Nu = hTD Equation 4.5

Where Pr is the Prandtl number,ql';—“ and Gr is the Grashof number calculated in Equation 4.6.

Gas properties are assumed to be temperature dependent and equivalent to that of the argon

carrier gas.

_ g:B(Too - TS)D3

Equation 4.6
v2

Gr

Where g is the acceleration due to gravity, g is the coefficient of thermal expansion (assumed

to be 1/T as an ideal gas), and v is the kinematic viscosity.

The calculation of internal pressure was taken from the work of Hagge and Bryden *°. It is

expected that internal pressure will build up in larger particles, especially when the heating rate
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is fast. Equation 4.7 below shows the partial differential equation used in the calculation of

pressure, which is modified from the original equation to suit a cylinder instead of a slab.

r or

a(sfP) f@(P(paP) Wy W, Wr
rT,uar

=R(—+—+— Equation 4.7
5\ T (—+—+—) q

Where P is pressure, ¢ is porosity, f is shrinkage factor, ¢ is permeability, x is the dynamic
viscosity, R is gas constant, W is the molecular weight of the gas and w is the mass release rate
of the gas per unit volume. The subscripts V, L and T are water vapour, light gasses, and tar
respectively. The molecular weight of light gasses and tar is calculated by the CPD model. On
average the molecular weight is 29.5 g/mol and 253 g/mol for light gasses and tar respectively.
Boundary conditions are set with symmetry at the centre of the cylinder and ambient (1 atm)

pressure at the outside surface.

4.2.5 Calculation procedure for 1-D model

A flowchart is shown in Figure 4.2 for the overall calculation process. The model allows the
user to vary the wall temperature as a function of time and also the diameter and shape of the
coal. Other parameters could also be varied such as moisture fraction or ultimate analysis
compositions. The temperature and pressure PDEs were solved concurrently with the ordinary
differential equation (ODE) for moisture evaporation and the ODEs for the CPD model
including the labile bridge fraction, £, the side chain fraction, o, the char bridge fraction, c,
and the fraction of light gasses, g1 and g.. Since the other variables including porosity,
permeability, heat of pyrolysis and shrinkage require the conversion, an initial guess on the
coal conversion was made for the first calculation stage assuming that the products are split
between char and gas. Next, the flash distillation procedure and cross-linking mechanism
calculate the proportion of char, tar and gas. This was compared to the guess used by the
previous stage. If the maximum absolute error in the conversion calculation is below 1E-5, the
procedure continued to the next step, otherwise the char, tar and gas fractions would be applied
to the original PDE/ODE system. The properties will be known in terms of time and distance
from the centre. To determine the overall properties, each part of the cylinder or sphere was
assigned a calculation weight based on its distance from the centre, r. For a cylinder this is
proportional to 2zr (circumference) and for a sphere it is 4nr® (surface area). A weighted

average can then be determined at each time point.
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Figure 4.2 Calculation process for the 1-D system coupled with the CPD model

4.3 Results and discussion

4.3.1 Determination of the lignite briquette coal pyrolysis Kinetics in TGA

The intrinsic rate of coal devolatilisation without any secondary reactions in a TGA was first
tested by using the CPD model. Firstly, the chemical structure parameters must be determined.
This is intended to be achieved using *C NMR spectroscopy, however, these parameters can
also be estimated through correlations with the contents of carbon, hydrogen, oxygen and
volatile matter in the coal 3 3. The approach used by Gnetti et al. was used to determine these
parameters >4, with the modification that the calculation of o + 1 was re-established using the
same fitting equation and the data set of parameters of 30 coals determined by 3C NMR but
without omitting outliers such as a lignite which may provide useful information. Despite the
extra samples, the r? value was increased from 0.24 to 0.36. This modification improved the
prediction of mass release and tar yield compared to that experimentally obtained by Tomita et
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al. *°. The prediction of mass release and tar yield were 50.1% and 18.2%, respectively,
compared to 51.0% and 21.4% in experiments. The estimated structure parameter values of the
lignite based on the modified model are summarised in Table 4.3.

Table 4.3 Estimated chemical structure parameters for use in the CPD model for the lignite

tested in this study

Chemical structure parameter | Estimated value for lignite briquette
Ms 50
Mei 340
Po 0.68
o+1 3.85
Co 0.15

Despite the agreement of the model with the experimentally obtained mass release and tar yield
reported in the literature %, there was a poor fit with the mass loss data from TGA obtained
here. For the CPD model, the dry-ash-free mass loss is defined as the fraction of light gas and
tar produced, assuming that tar will be swept away and will not recombine with the char. Figure
4.3a shows that the CPD model significantly under-predicts the mass loss at lower
temperatures, while still accurately predicting the final mass loss. This is attributed to the
varying Arrhenius parameters controlling the bridge breaking and gas release reactions, as has
been revealed for a Chinese black coal 3¢, biomass and black liquor *', and oil shale .
Therefore, by finding the best fit using MATLAB software, a new set of kinetic parameters has
been obtained, as shown in Table 4.4. Compared to the original data, the activation energy of
the bridge-breaking and gas release reactions has been reduced considerably. The activation
energy of the cross-linking reaction is also reduced, which is in line with the lower temperature
cross-linking behaviour of low-rank coal *. Accordingly, the fitted data shows a much

improved and satisfactory correlation with mass loss measured in TGA in Figure 4.3b.
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Table 4.4 Fitted kinetic parameters for use in the CPD model

Parameter Original CPD  model | Fitted Value
values 10-26

Eb 55400 53000

Ap 2.602 x 10%° 5.4 x 10%°

Ob 1800 1700

Eg 69000 45000

Ag 3.0x10% 5.0 x 101°

Og 8100 8050

Ecross 65000 55000

Across 3.0x 10% 3.55 x 10*2

4.3.2 Density, porosity and permeability changes during pyrolysis

The combined effects of shrinkage and mass loss affect the density of the resultant char during

the pyrolysis process. This modelled density can then be compared to experimental values to

further validate the modified CPD model. Figure 4.4 shows that the modelling has a good

agreement with experimental values and accurately reflects the turning point during the

pyrolysis process. Initially, the char density falls due to the release of volatiles and the

formation of a porous structure. The continuous release of volatiles leads to a rather linear

decrease on the char density. However, from the point for the release of around 70 % of the

total volatiles, the density of the remaining char increases. This is a clear indication of a faster

shrinkage of the char structure than the release of the remaining volatiles. The shrinkage should

be attributed to the collapse and fragmentation of the porous char structure.
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Figure 4.4 Density of the dry coal briquette compared with the expected density based on the
modelling of shrinkage and mass loss.

Permeability and porosity are required in the calculation of internal pressure in Equation 4.7.
As gasses are generated, including condensable tarry hydrocarbons, light gasses and water
vapour, pressure will build up as they diffuse to atmosphere or to lower pressure areas inside
the coarse coal particle/briquette. As permeability and porosity increase, gas transport is less
obstructed and therefore gasses can escape the particle with less difficulty. In past studies, the
permeability of wood was assumed to be 10 mD, while the permeability of wood char was
deemed 100 times higher, 1000 mD “°. For coal, there is a very large range in permeability, for
example, Lingard et al found a variation of permeability from 0.1 to 100 mD **, a span of four
orders of magnitude. In this work, the permeability and porosity of char were measured
experimentally and the results are shown in Table 4.5. The briquette char has a greater
permeability and porosity than the parent briquette. Although the particle densities are similar,
the solid density (true density) of the char is higher, due to a larger volume of voids. The
pulverised coal and char particles followed the same trend. However, both the permeability and

porosity are higher than their respective particle samples, since they were not compressed. In
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the model developed hereafter, the permeability is assumed to vary linearly as a function of

mass loss relative to the proximate volatile yield.

Table 4.5 Permeability and porosity of lignite and char in particle and briquette forms

Lignite briquette Pulverised lignite particles
Permeability Porosity (%) Permeability | Porosity (%)
(mDarcy, mD) (mDarcy, mD)
Dried coal 29 23% 93 39%
Char 86 40% 293 52%

4.3.3 Mass loss during pyrolysis process in the fixed-bed and validation of the model

Figure 4.5a shows the percentage loss of volatiles for the briquette in the fixed-bed reactor,
upon slow heating at 10 °C/min to 1000 °C. The majority of the volatiles are released before
600 °C. This is the same as that has been observed upon a similar heating rate in the TG-DTA
in Figure 4.3. Up to 700 °C the release of volatiles is relatively fast, however, the rate
subsequently diminishes as volatiles are depleted. After 800 °C, only 10% of the volatile matter
remains and decreases slowly up to 1000 °C. In the fast heating mode shown in Figure 4.5b,
volatile loss increases rapidly up to 91% in 20 min, which is further increased to 96% in 30
min. The remaining volatiles are released slowly up to 60 min. For both heating rates, the

modified transient 1-D model coupled with CPD code shows a good agreement.

For the pulverised coal samples in Figure 4.5c, the mass loss decreases slightly as particle size
increases from < 2 mm to 4-8 mm, irrespective of the heating rate. However, increasing the
particle size to >8 mm lowers the mass loss considerably from 56 to 53%, which is also
comparable to the coal briquette that has a mass loss of around 52%. For each size, the mass
loss yields are also rather consistent between the two heating rates. The results achieved here
are intriguing and indicative of two hypothetical phenomena that could occur at the high-
temperature pyrolysis process. First of all, upon a very slow heating, 10 °C/min employed here,
both the pulverised coal particles and briquette are expected to experience an identical heat-up
profile, the same temperature as the furnace, as well as an even temperature profile on both
radial and axial directions for the briquette. Therefore, the mass loss rate is expected to be size

- independent, Apparently, this is not the case, hinting that a considerable temperature lag might
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still occur for the coarse particle and in particular the briquette. Such a lag may cause a number
of consequences other than mass loss. Secondly, for a fast heating rate 100 °C/min employed
here, the intra-particle conductive heat transfer is obviously critical for the coarse sizes from
>8 mm and coal briquette. Although the surface reaches the furnace temperature
instantaneously, the centre of the coarse particle and briquette is expected to be heated up
slowly, thereby leading to a delay on the release of volatiles from inside the particle/briquette.
The released volatiles may also undergo secondary reactions such as coking on the hot edge
when it experiences a large temperature gradient as well as encounters the diffusional resistance

from the particle tortuosity in the radial direction.

78



Chapter 4 Pyrolysis of Lignite Briquette — Experimental Investigation and 1-Dimensional

Modelling Approach

Mass loss % daf

Mass loss (daf %)

(@)

m  Experiment
— Simulation

100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

m  Experiment
—— Simulation

(b)

(o2
(2]
J

a
a1
1

u
N
1

(6]
w
1

a1
N
1

[$3)
fusy
1

(42
o
1

I
©
1

I
o

10 20 30 40 50 60
Residence time (min)

Slow heating
Fast heating

(c)

<2 mm

2-4 mm 4-8 mm >8 mm Briquette

Particle size

Figure 4.5 Mass loss (daf) for (a) slow heating briquettes, (b) fast heating briquettes, and (c)

coal particles at 800 °C.

79



Chapter 4 Pyrolysis of Lignite Briquette — Experimental Investigation and 1-Dimensional

Modelling Approach

To prove the afore-mentioned hypothesis, measurement of the temperature at the centre of the
coal briquette, upon fast heating, was conducted and also compared with the modelling result.
This measurement was achieved by drilling a hole into the centre of coal briquette, then
inserting a K-type thermocouple inside the hole. Any gaps between the thermocouple and coal
briquette were filled by fine coal particles derived from the same coal briquette. Efforts were
not made to measure the coarse size > 8 mm because it is not easy to mount the thermocouple
into it. As shown in Figure 4.6, both experimental measurement and the modelling prediction
suggest an extremely slow heating rate for the centreline of the coal briquette. Compared to the
briquette surface that only requires 4.5 min to reach 600 °C where the pyrolysis rate will
increase significantly, the centreline requires around 26 min to reach 600 °C, and 30 min to
reach the furnace temperature. This obviously delayed the release of volatiles.
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Figure 4.6 Comparison of internal temperature as measured by the model and by experiment

According to the temperature profile for the briquette in Figure 4.6, in just 5 min, a thin layer
on the outer surface of the coal briquette reaches about 600 °C and thus begins to pyrolyse,
while the inner section plateaus at 100 °C for the continuous evaporation of the inherent
moisture. After 15 min, the inherent moisture is completely eliminated and the temperature of
the central briquette rises rapidly. However, at this stage the outer surface has turned to around
750 °C that is only 50 °C less than the furnace temperature. Therefore, volatiles are released
intensively on the outer surface, but its extent decreases along the radial direction towards the

centre of the briquette. After 20 min, only a small portion in the centre remains unreacted. The
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process is essentially complete by 25 min when the centreline reaches 600 °C whereas the
surface is already 800 °C. The heat transfer limited model developed to some extent resembles
a release pattern that would be seen with an unreacted shrinking core model, however, it
predicts well for the transition between coal and char. Through further validation of the model,
it is possible to model the pyrolysis process, including internal temperature measurements of
large particles which are assumed to be spherical. Using average sizes of particles from the 4
size bins, Figure 4.7 depicts that, in the first 3 min upon a fast heating, there can be as much as
500 °C temperature difference between 400 um sized particles and those of 11 mm in diameter
(as shown in panel a), although the extra time taken to heat up those coarse particles is relatively
short. For all the pulverised sizes <8 mm, the release of volatiles appears to be independent on
the particle size, as evident in panel b. In other words, the intra-particle heat transfer rate is
sufficiently high. Beyond the particle size of 8 mm, the coal conversion rate is slightly delayed
for around 1 min upon the intra-particle heat transfer resistance. Moreover, the briquette
requires a much longer time to reach the reactor temperature and thus conversion is

considerably slowed.

For the slow heating at 10 °C/min, all the coal particles except the largest size > 8 mm show a
very close temperature to the furnace temperature, as shown in Figure 4.8a. In contrast, the
coal briquette can have a temperature difference as high as 400 °C between the centre and the
furnace. Prior to the furnace reaching 600 °C, the centre of coal briquette remains at 100 °C for
a continuous release of the inherent moisture. Once the furnace temperature reaches 600 °C,
the centre of the briquette rapidly heats up. This means that part of the briquette will have a
heating rate higher than that of the pulverised particles, although the centre zone only represents
a small portion of the overall mass for the whole briguette. Due to the delayed heating of the
overall briquette, it takes 30 min more for the devolatilisation reaches complete for the coal

briquette, as evident in Figure 4.8b.
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Figure 4.7 (a) Centre temperature and (b) pyrolysis conversion for pulverised lignite particles

and briquette under the fast heating (100 °C/min) regime up to 800 °C
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Figure 4.8(a) Centre temperature and (b) pyrolysis conversion for pulverised lignite particles
and briquette under the slow heating (10 °C/min) regime up to 800 °C

4.3.4 Tar release and radical changes during the pyrolysis process

Due to the remarkable considerable difference of temperature and volatile release yield

between pulverised coal and briquette, the yield and quality of liquid tar as well as the

concentration of radicals in solid char are expected to vary considerably 3. Both the yield and
composition of the pyrolysis tar are affected by the extent of its secondary reactions within the
char matrix, and even between different char particles *2. On the other hand, the radical

concentration is highly dependent on the temperature of char particles. In light of this, both

these two properties have been measured. The tar yield was also predicted by the 1-D model

coupled with the CPD model in which the secondary reactions of tar within the solid char
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matrix have been considered. The results are depicted in Figure 4.9. Clearly, the model
prediction results are reasonably consistent with the experimental values, given that the
secondary reactions of tar are very complex in nature. Even so, the discrepancy between the
model and the experiment is still noteworthy, which could be attributed to the secondary
reactions such as the thermal cracking of tar occurring in the gas phases. This is especially the
case for the fast heating scenario where the gas would be much hotter during tar release.
Unfortunately, the secondary reactions for tar in the gas phase were not considered here.
Irrespective of the heating rate, the briquette shows the lowest tar yield, supporting the
expectation that the secondary reactions for the primary tar were enhanced inside the coal
briquette. In contrast, the extent of these side reactions is insignificant for all the pulverised
coal sizes, suggesting that the inter-particle diffusion of the primary tar is not influential in
promoting the secondary reactions. Additionally, since the overall mass loss for a briquette is
rather similar with the coarse pulverised coal particles in Figure 4.5, it is inferred that the
primary tar mainly underwent the decomposition to convert into light hydrocarbons or gases.
The lignite char has proven to be catalytic on the steam/CO; reforming of primary tar 3,
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Figure 4.9 Tar yield predicted by the CPD model and from the experiment

The tar samples were further analysed by GC-MS and the chromatographs are shown in Figure
4.10. Table 4.6 summarises the area — based percentages of the major peaks found on the GC-
MS chromatograph, as well as the ratios between different groups. Note that, since a portion
of heavy hydrocarbons are not able to elute out of the GC-MS column, the results in Figure
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4.10 and Table 4.6 are interpreted from a semi-quantitative or even qualitative perspective.
Firstly, the heating rate is influential. It is obvious that the proportions of longer chain groups
(over 40 min) including alkane >C18 and alkene >C11 are generally high in the slow heating
scenario, irrespective of coal size; while under the fast heating there is a greater proportion of
light liquids including benzene, cresol and phenol. Assuming the elution of alkane and alkene
is complete in the GC-MS analysis, the area ratio of these two groups in Table 4.6 further
strength the abundance of light hydrocarbons formed under the fast heating scenario. One the
one hand, difference of the previously discussed temperature-profile between the two different
heating rates can partly explain this difference. At slow heating rates, the temperature of the
tar released is very close to and even identical with the furnace, thereby taking little opportunity
to undergo any secondary reactions such as thermal cracking for the heavy hydrocarbons that
are released at the later stage of the pyrolysis. The opposite phenomena shall be inferred for
the fast heating scenario, the great temperature difference between particle (thus tar out of it)
and wall induced the intense secondary reactions of the primary tar such as thermal cracking,
thereby resulting in the formation of abundant light fragments and gases.

There is little variation in tar composition for different pulverised coal sizes. Instead, the
difference between pulverised coal and briquette is obvious in both the heating scenarios. In
the slow heating mode, less heavy hydrocarbons including alkane and alkene are formed from
the briguette. Instead, the formation of light benzene, phenol and cresol are favoured from the
briquette. Such a difference is in line with the above-mentioned difference between the two
heating rates. That is, the fast heating encountered within coal briquette even during the slow
heating mode, as shown in Figure 4.8 intensified the secondary reactions for the primary tar
released from coal briquette. Apart from the fragmentation into lighter hydrocarbons, a portion
of the primary tar from coal briquette shall also decompose into gases, as evident by the
decrease on the overall tar yield for briquette in Figure 4.9. The intra-particle diffusion
resistance within coal briquette shall also be in favour of promoting the secondary reactions for
the primary tar. The abundant alkali and alkaline earth metals, and even iron within lignite have
proven to be catalyst for tar reforming “3. These secondary reactions even include the
deoxygenation reaction resulting in the formation of less oxygen-bearing species in the tar, in

particular under the fast heating scenario shown in Table 4.6.
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Figure 4.10 GC-MS chromatographs for tar created under slow heating (10 °C/min) and fast

heating (100 °C/min) for coal particles and briquette.
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Table 4.6 Component relative area % from GC-MS result

Name Carbon Slow heating (10 °C/min) Fast heating (100 °C/min)
No. Briqu Briqu
<2 2-4 4-8 ette <2 2-4 4-8 ette
Benzene, >Cs >CeHs, C3 | 2.32 201 | 5,61 |23.86|17.76 | 1.82 | 14.14
Naphthalene CioHs 594 | 575 | 806 | 529 | 5.06 | 17.72 | 0.29 | 26.92
Phenol CeHsOH | 10.61 | 855 | 11.21 | 9.18 - 17.07 | 6.13 | 857
CsH4OH,
Cresol C1 13.30 | 13.06 | 8.84 | 14.05 - 11.33 | 29.94 | 3.52
CsH4OH,
Phenol, >C, >C, 6.27 | 8.37 4 7.56 | 12.31 - 12.89 | 2.34
Benzenediol CsHsO2 - - - 11.75 - - 24.67 | 0.34
Ketone CeH120, | 2.16 | 0.79 | 16.35 | 11.59 | 20.2 | 10.81 | 1.42 | 16.6
Alkane >Cis - 56.86 | 34.89 | 21.01 | 15.9 - - 7.74
Alkene,yne >Cy1 44.25 - - 1.21 - 5.93 - -
Xylene CeHs, C2 | 6.97 - 2.82 - 10.28 | 9.7 2.52 -
Acetic acid C.H.0, - - - - 5.25 2.9 -
Unknown compounds 8.20 | 6.62 | 11.82 | 1273 | 7.13 | 9.67 | 1742 | 19.84
Ratio of 0.87 | 0.63 | 0.98 | 1.88 | 259 | 10.8 | NaN | 7.17
(Benzene+Naphthalene
+phenol+cresol)/(alkane
+ alkene)

Efforts were also made to characterise the free radical content remaining in the briquette char
matrix, which is another evidence reflecting the extent of secondary reactions in an overall
pyrolysis process. The radicals in a solid char are formed by thermal cracking of covalent
bonds. At higher temperatures, these radicals may assist in the pyrolysis process which will
diminish their concentration, as they form volatile (tar and gas) and non-volatile products (char)
4 Figure 4.11 shows the change in concentration of radicals with pyrolysis temperature and
holding time. For the slow heating samples, radical concentration increases with temperature
up until 800 °C which shows the highest radical concentration. Upon a further increase on the
temperature, the participation of radicals in cross-linking reactions should dominate. In the fast
heating mode, radical concentration increases up to a holding time of 15 min then subsequently
decreases. Back to the temperature profile for briquette in Figure 4.6, such a time should
respond to the halfway for the whole briquette to reach the furnace temperature. At this point
tar production is visibly beginning to increase, which is also rich in radical species **. Figure
4.12 compares the radical concentration to the volatile yield (relative to the proximate analysis
volatile content) achieved from both two heating modes. Initially, the radical concentration
rises rapidly from 4x10'7 spins/g to ~8x10'8 spins/g at 28% volatile release. From 25% to 80%

the radical concentration is fairly stable, peaking at ~2x10*° at 75% volatile release. Further
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release of volatiles requires harsher conditions, causing the concentration of radicals to fall to
as low as 1x10'® due to the increase in polymerisation and release of volatiles at the
temperatures required to achieve these conversions. The turning point found here is also the
same as that found for the shrinkage of char density in Figure 4.4 Density of the dry coal
briquette compared with the expected density based on the modelling of shrinkage and mass
loss.. Additionally, the correlation found here was compared to a similar analysis by Qiu, et al.
5 in a study that compared the radical concentration to mass loss for a sub-bituminous coal
found in Weihuliang, Xinjiang, China. Mass loss was converted to relative volatile release
using a proximate analysis result of 36.3% volatiles (db) in a separate paper that used
Weihuliang coal . The change in radical content followed a similar to trend to that of the
briquette studied here. However, the radical concentrations in the briquette char samples
studied here are generically larger than in the Chinese sub-bituminous coal. This is another
indication of the high reactivity for the lignite studied here, as it has been shown before that

radical concentration may be linked to oxidation reactivity ',
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Figure 4.11 Radical concentration (db) for briquette char pyrolyzed under slow (a) and fast

(b) heating regimes. Note, the final temperature for fast heating is 800°C.

The concentrations of radicals for the char samples derived from respective pulverised lignite
is also included in Figure 4.12. These concentrations were presumed to follow the same trend
as found for the lignite briquette. This is obviously not the case when a fast heating is employed

for the pyrolysis. For the pulverised coal particles, the concentrations of radicals in the fast
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heating chars are generally larger than in the slow heating char samples, due to the enhanced
cross-linking reactions for the radicals upon a long residence inside the reactor “8, same as that
has been confirmed for the intensified secondary reaction for the tarry species in above sub-
section. Concentrations of radicals in the fast heating (100 °C/min) samples are also higher
than the char sample derived from the respective briquette, although the coal briquette
experienced a much larger temperature rise than its pulverised counterparts in Figure 4.7a.
Clearly, under the typical time scheme encountered upon fast heating, the negative effect of
internal diffusion within briquette char matrix is superior, which intensified the secondary
reactions for the primary radicals. For the results for the slow heating char samples derived
from the pulverised lignite quite, they follow the trend that can be extrapolated from briquette
char. This means the diffusion resistance within briquette char turns insignificant upon a slow
heating scenario under which the residence time of char is longer enough to cancel off any

other negative factors.
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Figure 4.12 Radical concentration compared to relative pyrolysis yield for lignite briquette

pyrolysis and Weihuliang bituminous coal *°.

The radical concentration results are also well correlated with the coal structure change that

can be predicted by the developed model. Figure 4.13 shows the changes in coal structure as a
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function of temperature and residence time for coal briquette and pulverised particles, based
on the CPD model prediction. During the initial stages, the bonds between bridges are cleaved,
resulting in the formation of detached side chains, gas and tar precursor fragments. This occurs
at around 300 °C for the slow heating sample (panel a) while takes place almost instantaneously
under the fast heating rate (panel b). This rupturing of bonds in the initial stages of pyrolysis
has been hypothesized as a cause of the formation of radicals *> . This correlates to the
increase in radicals in both Figure 4.11 and Figure 4.12, where the radicals increase during the
time spans when bridges are broken, up to 600 °C for slow heating (in panel a) and up to 15
min for fast heating (in panel b). Beyond 300 °C, tar will begin to be generated and later cross-
linking will occur, which appears to be linked with the subsequent downturn in radical
concentration in Figure 4.11b and Figure 4.12. Radical fragments can be coupled together to
form cross-links during the repolymerisation process, forming irreversible bonds unlike the
labile bonds in coal *°. Since the cross-linking process relies on free radicals, it is reliant on the
radical formation process so therefore takes place at higher temperatures. Additionally, Figure
4.13b explains the cross-linking occurs at a delayed time and its extent is also greater in coal
briquette than in pulverised particles, more so during fast heating. This corresponds to the
reduced release of tar (see Figure 4.9) and fewer radicals in the briquette char (see Figure 4.12).
With regarding the slow heating rate results in Figure 4.13a, 800 °C is clearly the threshold
temperature beyond which the yield of tar and cross-linking reaction extent should be identical
between pulverised coal and the briquette. This is in line with the results in Figure 4.9 and
Figure 4.12.
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Figure 4.13 Structural changes in the char and tar generation predicted by the CPD model for

(a) slow and (b) fast heating to 800 °C for coal briquette (--) and 3 mm diameter pulverised

4.4 Conclusions

coal particles (---).

Lignite pyrolysis process has been conducted experimentally and modelled for pulverised

particle and briquette sizes that are large enough for a homogenous entity to be a gross

oversimplification. A fixed-bed, batch-scale reactor and two typical different heating rates have

been tested. Apart from conversion, the tar yield, composition and radical concentration in char
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were also measured to explore the difference between lignite briquette and the respective
pulverised powder. Additionally, a 1-D model coupled with classic CPD code was developed
to reveal the temperature profile within the single briquette particle and its structure change

upon pyrolysis.

The following major conclusions have been achieved:

1. The coupling of 1-D modelling and modified CPD code is able to satisfactorily predict
the lignite briquette mass loss rate, temperature profile, tar yield and the time-resolved
change on coal structure. All the predictions from the model have been fully validated.

2. The non-uniform temperature profile in coal briquette is the largest factor making the
pyrolysis of briquette different from the pulverised particles. Even under a slow heating
of only 10 °C/min, the middle of coal briquette remains at 100 °C due to the continuous
evaporation of the inherent moisture. Upon the completion of moisture evaporation, the
coal briquette undergoes a rapid temperature rise, and simultaneously abrupt release of
volatiles. The temperature lag is more obvious under the fast heating mode, requiring a
longer residence of 20-30 min at the final temperature to ensure the complete release of
volatile matter, relative to only a few minutes required for the pulverised parent coal
with a maximum size up to 8 mm.

3. The temperature gradient competes with the internal diffusion on the yield and
compositions of tar. Upon a slow heating, the great temperature variation within coal
briquette is superior in promoting the secondary reactions for the volatiles (precursor
of the primary tar). However, for a fast heating that the residence time is much shorter,
the internal diffusion is more influential in decomposing the primary heavy species.

4. The pyrolysis stage where around 80% volatiles is released is the optimum condition
for maximising the radical concentration (and thus reactivity) of the char of coal
briquette. This occurs at a final temperature of 800°C upon slow heating, or in 15 min
upon a fast heating to 800°C. The use of harsher conditions intensifies the cross-linking
and polymerisation of the radical fragments, although the density of the char is

improved considerably.
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Chapter 4 provided a greater understanding of the pyrolysis mechanism and also an appropriate
method of modelling the pyrolysis process. From the viewpoint of utilising the char, it is now
necessary to evaluate the products that were create during the previous chapter’s task for their
suitability to the PCI process. From the previously varied parameters (maximum temperature,
holding time, heating rate), the char properties under these conditions including density,

proximate and ultimate analysis, heating value and reactivity will be evaluated and compared.
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Abstract
Lignite briquette pyrolysis products were characterised for a set of experiments where the

heating rate, residence time and final temperature were varied. The residence time ranged
between 10-60 min while the final temperature was altered between 600-1000 °C. Two heating
rates were used, 10 °C/min and 100 °C/min. Under a slow heating (10 °C/min) scenario, a
temperature of 900 °C is required to release most of the volatile matter including the oxygen
and hydrogen present. At this temperature, the oxidation reactivity is significantly decreased
compared to the raw briquette coal. Similarly, a fast heating rate (100 °C/min) up to a fixed
temperature of 800 °C with a holding time of 20 min is necessary for the elimination of the
majority of the volatile matter. This is also correlated with a decrease in char oxidation
reactivity. Accordingly, the decrease in char reactivity was correlated with this change in
volatile/fixed carbon ratio. Additionally, the radical concentration was correlated with the
reactivity while the true density is negatively correlated with reactivity. These changes had a
negative effect on the combustion performance although the char still maintained higher

reactivity and faster ignition than the commercial PCI coal that it was compared with.

Keywords

Pyrolysis, Victorian brown coal, pyrolysis products, pulverised coal injection
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5.1 Introduction

Pyrolysis is an effective method for increasing the value of the brown coal by increasing its
heating value and transportability. However, eliminating part of the volatile matter and heat
treatment of the coal is expected to lower combustion performance by decreasing oxidation
reactivity L. Victorian brown coal has many unique properties compared to other fuels, such as
a high oxygen content and presence of alkali and alkaline earth metallic (AAEM) species which
will influence its pyrolysis behaviour 2. AAEM species impeded the release of large aromatic
ring systems and assisted in bond forming and bond breaking reactions with the coal matrix 3.
AAEM species could later assist in catalysing char combustion or gasification reactions *.
Sodium and calcium retention decreases with pyrolysis temperature especially at temperatures
greater than 800 °C *.

The subject of coal pyrolysis conditions has already been explored by a large number of studies.
Table 5.1. The effect of changing temperature appears to be dependent on the range studied.
Two studies which focused on lower temperatures found increases in reactivity with
temperature > © while reactivity generally fell with temperature increases at higher
temperatures °. Heating rate is also a factor in char reactivity. Several studies found an
increase in reactivity with increasing heating rate 8 °, while another found a decrease in
reactivity ’. A high heating rate could lead to an increase in surface area in the char through the
rapid release of volatiles 1°, however if mass release is higher under a higher heating rate, than
this could lead to increased carbon aromatization and consequently lower reactivity ’.
Compared to other methods that rely on analysis of functional groups such as Raman or FTIR
spectroscopy 1t 12, analysis of free radical concentration by ESR spectroscopy could provide a
rapid method of producing an easily quantifiable correlation of the chemical structure with char
reactivity. Free radicals specified by this measurement indicate the presence of a molecular
entity possessing an unpaired electron 3, which will be highly chemically reactive. Several
studies have explored the effect of pyrolysis conditions on free radical concentration in the char
product #® The studies found a peak in radical concentration at a specific pyrolysis
temperature. Generally radical concentration fell with increased residence time. There is a
noticeable gap in the literature concerning the effect of particle size on the pyrolysis process
and the pyrolysis of large briquettes.
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Table 5.1 Selected works concerning pyrolysis condition investigation

°C. Radicals were found to be dependent
on mass loss, peaking at 25% loss.

Fuel type Aim Findings Ref.
Woody biomass | COz Increased gasification rate with Okumura
gasification | increased heating rate (15-600 °C/min) | etal. '’
reactivity Decreased gasification rate with
increased pressure (0.1-3.0 MPa)
Several biomass | CO> Increased gasification rate and surface Cetin et
species (50 and gasification | area with increased heating rate (40 al. 10
2000 pm) reactivity °C/min-10°°C /s)
Decreased gasification rate and slight
decrease in surface area with increased
pressure (1-20 bar)
Shanxi Gasification | Chars prepared with pyrolysis gas had Wang et
bituminous coal | reactivity lower reactivity than with N». At al.®
temperature range 450-600 °C, char
reactivity and surface area increased
with temperature.
Coals ranging Oxidation Char reactivity decreased with increases | Cai et al.
from reactivity in peak pyrolysis temperature (700-1500 | 8
subbituminous to °C) and increased with heating rate (4-
semi-anthracite 5E3 KI/s).
(106—150 um)
Biomass (<150 Oxidization | With increasing pyrolysis temperature Park et
pum) reactivity (300-500 °C), reactivity increased and al. ®
burnout time decreased.
Loy Yang brown | Weight loss | Maximum weight loss rate ~400 °C and | Quyn et
coal (105-150 and Na plateaus at ~800° C. Much greater Na al. 18
pm) volatilisation | volatilisation under fast heating mode.
Two bituminous | Intrinsic char | Decreases in reactivity with increasing Gale et
coals and one oxidation temperature (~680-1350 °C), heating al.’
lignite (63—75 rate rate (LE4-2E5 K/s) and holding time
pum) (135—-1000 ms).
Demineralised Oxidation Decrease in reactivity with increased Radovi¢
lignite (~170 um) | reactivity temperature (700-1200 °C) and holding | etal. ®
time (0.3 s-1 h). This was correlated
with a decrease in surface area.
Two Australian Radical Decreased radical concentration with Yokono
brown coals concentration | increased heating rate (5-80 K/min). etal. 14
(<150 pm) Radical concentration peaks at ~550 °C.
Bituminous and | Radical Increase in free radical concentration Petrakis
subbituminous concentration | after 400 °C up to highest temperature etal. 1°
coals of 550 °C.
Bituminous Radical Radical concentration peaked at a Qiuetal.
Chinese coal concentration | temperature of 450 °C and decreased 16
(<105 pm) with retention time at temperatures >450
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The focus of this study is to investigate the effect of altering heating rate, residence time and
temperature during pyrolysis of Victorian brown coal in a lab scale vertical furnace in both
briquette form and different sizes of loose coal. By varying pyrolysis conditions, a char can be
created that has a sufficient calorific value for the intended application, a large and comparable
density to that of bituminous coal so that they can blend easily, as well as a large size and
strength for long-distance transportation, while also maintaining a high oxidation and
gasification reactivity. Physical changes to the pore structure may also be dependent on heating
rate, since the ejection rate of volatile matter can alter pore structure and the specific surface
area. A variety of analysis techniques are used to measure the resultant char properties
including ESR spectroscopy for radical analysis and char-O2 and char-CO; reactivity analysis

by TGA. Combustion performance is tested using CFD modelling.

5.2 Materials and methods

The materials and methods for the pyrolysis is the same as the previous chapter, and will be
summarised briefly here. Yallourn brown coal briquettes measuring are pyrolysed in two
separate schemes in a vertical electrically heated quartz furnace. In the first heating mode,
samples are heated at 10 °C/min to various temperatures ranging from 600 to 1000 °C. In the
second heating mode, samples are placed in the furnace that is already preheated to 800 °C and
held for times varying from 10 min to 60 min. In this scheme the heating rate is approximately
100 °C/min.

Oxidation and gasification reactivity is measured using the thermogravimetric analysis
(Shimadzu DTG-60H). Heating rate is varied from 2 °C/min to 10 °C/min. Using the
temperature at the maximum rate, the pre-exponential constant and activation energy can be

calculated using the Kissinger method *°.

True density is measured using a helium pycnometer (Micrometrics AccuPyc 1330). Apparent
density is measured using Autoscan 60 mercury intrusion instrument up to a pressure that will

fill inter-particle space but not enter pores.

CFD modelling is performed using Ansys Fluent 15.0. The mesh for this model is

representative of the lab scale drop tube furnace used in previous work 2°. The standard k-¢
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model is used for turbulence, discrete ordinates for radiation, Westbrook-dryer mechanism for
gas phase reactions and multiple surface reaction model for char reactions. The char reactions
(char-O2 and char-COy) utilise Kkinetic data calculated from TGA experiments, while also

considering bulk diffusion of the reacting gas to the sample.

Free radicals are measured using electron spin resonance (ESR) spectroscopy using a
previously established method 1. By comparing the area of the ESR signal with a standard of
known radical concentration, the concentration of unpaired electrons can be determined,
expressed in spins/g.

5.3 Results and discussion

5.3.1 Density and porosity changes during pyrolysis

Figure 5.1 shows the effect of pyrolysis conditions on the true and apparent density as well as
the calculated porosity of the char. With increasing temperature, the briquette is observed to
shrink as well as lose mass during the pyrolysis process. This led to an initial drop in apparent
density, up to 800 °C, followed by an increase in apparent density up to 1000 °C as the rate of
mass loss slowed compared to the shrinkage. True density rose with the increasing temperature,
particularly for temperatures above 800 °C. For briquettes under the fast heating conditions,
apparent density was seen to fall up until 20 min, and remains stable up until the final time of
60 min. This corresponds to a lack of significant shrinkage and mass loss after 20 min was
reached. On the other hand, true density steadily increased with pyrolysis time, increasing from
the initial density of 1404 kg/m?® for the raw coal to 1634 kg/m? at 20 min then finally 1822
kg/m?® at 60 min. For loose coal particles (Figure 5.1c), apparent density rose with increasing
particle size while true density fell, this is expected based on the mass loss results. The briquette
samples shows a much larger apparent density, and this is for the reason that the briquette was
densified prior to pyrolysis, rather than a consequence of the pyrolysis process. Compared to a
commercial PCI coal which has an apparent density of 1264 kg/m?, the briquette samples show
a closer match which could be beneficial to the blending process and increases the

compatibility with existing coal feeders to the furnace.
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Figure 5.1 True density, apparent density and calculated porosity for Yallourn briquette char

under (a) slow, (b) fast heating regimes and (c) slow heating particles.

5.3.2 Effect of pyrolysis conditions on proximate and ultimate properties

105



Chapter 5 Pyrolysis of Lignite Briquette — Sensitivity of the Properties of Char upon the

Variation in Pyrolysis Condition

As expected, the pyrolysis process resulted in the reduction of volatile matter, and an increase
in fixed carbon, ash and higher heating value as the time or temperature increases (Figure 5.2).
In the slow heating procedure, up to 800 °C, the most significant reductions changes occur in
the char properties, while only small changes are observed above this. For the fast heating at
800 °C, changes to the char properties occur rapidly up until 20 min then properties remain
fairly stable as time increases to 60 min. For the slow heating coal particles in Figure 5.2c, it is
interesting that ash decreased with increasing particle size while fixed carbon and heating value
increased, despite the lower mass loss compared to the smaller particle sizes. The commercial
PCI coal sample has a heating value of 31.9 MJ/m? on a dry basis, so in order to have a similar
value to this property, slow heating briquette samples must reach 800 °C and fast heating
samples must be pyrolyzed for 20 min. The heating regimes undertaken by the coal was

sufficient to meet this goal in all cases.
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Figure 5.2 Proximate properties and higher heating value (db) for Yallourn briquette pyrolysis

under slow (a) and fast (b) heating regimes, and (c) slow heating coal.
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Figure 5.3 shows the increase in particle residence time or temperature is correlated the increase
in carbon and decrease in both oxygen and hydrogen. Under the slow heating scenario (Figure
5.3b), a temperature of 900 °C is attained before the almost complete release of oxygen is
achieved. Below 600 °C, there was little change in the elemental composition, however after
this temperature is reached the hydrogen and oxygen fell linearly with increased temperature.
Fixed carbon gradually rises to 90.4% at 1000 °C. During fast heating (100 °C/min to 800 °C),
oxygen and hydrogen are rapidly lost from the briquette, up to a time of 20 min when their
concentrations are 4.6% and 1.7% respectively. Beyond this there is a gradual release of the
remaining oxygen and hydrogen. The carbon content increases from 62.4% to 87.6% at 20 min,

and beyond this only increases to 90% once 60 min is reached.
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Figure 5.3 Changes in ultimate analysis for a) slow (10 °C/min) and b) fast (100 °C/min)
heating
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5.3.3 Effect of pyrolysis conditions on reactivity

The oxidation reaction rate is shown in Figure 5.4

Figure 5.4 Oxidation reaction rate for Yallourn char for briquettes for (a) slow and (b) fast
heating

shows the calculated intrinsic oxidation rate as measured in air. For slow heating char, there
is a significant difference in reaction rate between samples that reached a maximum of 800 °C
and below, and samples heated above 800 °C which had significantly lower reactivity.
Similarly, for fast heating samples, the raw coal and samples up to 15 min show very high
reactivity. This significantly drops once 20 min is reached and rises a small amount after this.
Samples in these pyrolysis conditions showed much higher char-O> reactivity than the PCI
coal. The high reactivity of the Yallourn char will be useful for increasing the PCI feeding rate

in the blast furnace without accumulation of unburned char.
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Figure 5.4 Oxidation reaction rate for Yallourn char for briquettes for (a) slow and (b) fast

heating

Coal samples all showed very similar reactivity for both slow and fast heating samples. Figure
5.5 shows that fast heating samples all showed a lower activation energy than their slow heating
counterparts for every particle size. Since mass loss was very similar between the slow and fast
heating coal pyrolysis, this result implies that the heating rate as affected the physical structure
by the high rate of volatile matter ejection or chemical structure of the coal by way of the
pyrolysis route. This gives a higher oxidation reaction rate for slow heating samples above a
combustion temperature of ~700 °C and higher for fast heating samples below this temperature.

Compared to the PCI coal, the pyrolyzed loose coal samples showed very similar reactivity.
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Figure 5.5 Activation energy for coal particles heated to 800 °C with slow and fast heating

modes.
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Compared to oxidation rate, there is less variation in the gasification rate between samples
(Figure 5.6), however similarly to the oxidation rate, the 900 °C and 1000 °C slow heating
samples show a lower reactivity. For fast heating samples, most samples show similar
gasification reactivity, while the unpyrolyzed briquette has a slightly higher rate and the 60 min

sample has slightly lower reactivity.
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Figure 5.6 Char-CO> gasification reaction rate for Yallourn char for (a) slow and (b) fast

heating.
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5.3.4 Correlation of measured properties with reactivity

Figure 5.7 shows the dependence of the free radical concentration on intrinsic reactivity, true
density and volatile/fixed carbon ratio for a variety of samples. Included in this analysis are
Yallourn char samples produced in a used in a previous study that were created in an industrial
pyrolyser %, As expected, the general trend is that reactivity increases with radical
concentration, although the trend does not follow for each sample type. Increasing true density
which will lead to increased carbon densification and carbon aromaticity 22, which appears to
negatively influence the reaction rate. Volatile/fixed carbon ratio also displays a correlation
with intrinsic oxidation reactivity. For Yallourn char, decreasing the volatile/fixed carbon ratio
below 0.2 will significantly lower the oxidation reaction rate. This will also be strongly
correlated with factors such as O/C ratio in the fuel. The results from these analysis techniques
may suggest that oxidation rate is dependent on these factors or that they can simply be used

as a predictor of oxidation reactivity thus for optimisation of the pyrolysis condition.
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Figure 5.7 Dependency of kinetic reaction rate in air at 800 °C on (a) radical concentration, (b)

true density and (c) volatile/fixed carbon ratio

5.3.5 CFD modelling section
5.3.5.1 CFD modelling of combustion performance of produced chars
CFD modelling is useful for efficiently characterising the combustion performance of the char

that has been produced. Figure 5.8 compares the changes in particle ignition time and time to
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50% burnout for slow and fast heating char samples. Particle ignition time is measured as the
maximum of the second derivative of the temperature/time plot, i.e. the moment of the
maximum change in temperature gradient, characterised by an upward inflection in the plot.
For slow heating char, ignition time is similar for chars created at 800 °C and below. Although
volatile content varies widely between these samples between 49% and 20%, the high char
reactivity will allow the particles to ignite heterogeneously Beyond 800 °C the lower char-O>
reactivity will lead to a delay in the ignition point. 50% burnout time, as measured by the
conversion of combustible matter in the char (volatiles + fixed carbon), is relatively fast for the
600 °C sample due to the high volatile content. At temperatures above this, 50% burnout time
rises slightly until 900 °C is reached whereby there is a substantial increase in the burnout time.
For char generated in the fast heating environment, ignition temperature and 50% burnout time
is relatively low for 10 and 15 min samples, however once 20 min is reached, the combustion
performance remains fairly constant. Compared to the commercial PCI coal, all of the briquette

char generated under the slow and fast heating regimes showed better combustion performance.
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Figure 5.8 Ignition time (a, b) and time to 50% burnout (a’,b’) of slow (a) and fast (b) heating
Yallourn briquette char compared with a commercial PCI coal under two wall temperatures,
1000°C and 1200°C

5.3.5.2 Sensitivity of char properties on combustion performance

Figure 5.9 describes the effect of a number of coal properties on the combustion performance.
Similarly to the oxidation reactivity in Figure 5.7b, increasing true density true density had a
negative effect on the combustion performance, increasing both ignition time and 50% burnout
time. There was not a large variation in apparent density between samples as they were derived
from the same coal and subsequently there was little correlation with combustion performance.
Porosity had a negative correlation with combustion performance. Since apparent density
wasn’t greatly changed between samples, the increased true density resulted in greater porosity.
Although this could allow greater penetration of reactive gasses into the particle, the reduced
reactivity of the denser char due to the increased aromaticity was the dominant factor.

Increasing oxidation reactivity, radical concentration and also the volatile/fixed carbon ratio all
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had positive effects of both the ignition time and time to 50% burnout. Since there is a large
dependence between these three characteristics on each other, e.g. oxidation reactivity on the
volatile to fixed carbon ratio, it is difficult to directly attribute them to the reduction in ignition

time although these variables will be separated individually in the next section.

(@) (b)
0.26 - = [gnition time 0.26 - = [gnition time
w o O Time to 50% burnout w O Time to 50% burnout [
20.25 L0254
E E
2024 . 8 0244 .
30234 % 3023 L=
X o o S oo
30221 o o 30221 & o
20214 2021
@ @
£ 0.20 £ 0.20
5o010] 9, L] 5 o019] 8 ]
1 fa=) L] £ "y
= 0.18 o ] - =018 L) .
c r < -
o o
= 017 =017 o
c M < - n
2016 B So16] o "
T T T T T J T T T T T T J
1400 1500 1600 1700 1800 1900 950 1000 1050 1100 1150 1200 1250 1300
True density (kg/m°) Apparent density (kg/m®)
© (d)
0.26 - = Ignition time 0.26 - = Ignition time
@ o o__Time to 50% burnout 5 © 0 Time to 50% burnout
20.25 L0254
3 3
So2eqe Sox .
30234 o, 2023 5 o
o224 o O R 0221 oo
3022 ) g022 .
2021 2021
1) @
£ 0.204 €020
E e
E 0.19 T, ] g 0.19 - ] .
o [} = &
S 018 2 Fou So0184 ™ L] o
c . c u
o {s} .
=017 o . =017 o .
= - [= -
D016 bl | D016 L D
T T T T T T T 1 T
010 015 020 025 030 035 040 045 050 1E18 1E19
Porosity (%) Radical concentration (spins/g)
(e) ®
0.26 4 = [gnition time 0.26 1 ®  Ignition time
o © o Time to 50% burnout | 7 o Time to 50% burnout
20.25 L0254
3 3
Soz . Sox .
2023 O 20234 o
° b °
X ] fis] = ] o
2022 @ 30229 o
2021 20214
1) o
£ 0.204 €020
E e
E 0.19 ] g g 0194 = o 5
] o
S 018 - s ° So0184 ® % o o
5 - 5 L]
S S
=017 o . =017 .
= - = [= -
D016 -v 2016 " - "
T T T T T T T T T T T
1 10 100 8 12 16 20 24 28 32 36
Oxidation reactivity (s™) Volatiles remaining (db)

Figure 5.9 Sensitivity of combustion performance on properties (a) true density, (b) apparent
density, (c) porosity, (d) radical concentration, (e) oxidation reactivity and (f) volatile/fixed

carbon ratio for m Yallourn char and e PCI coal for comparison

Using the 800 °C slow heating case as a basis, individual char properties are modified within
the range of values found within the produced char. For ignition time, the oxidation rate is most
influential parameter due to the heterogeneous nature of brown coal combustion. A decrease
in density has a positive effect on the ignition time. This is since a low density solid fuel will
contain a greater number of particles and thus a greater surface area for the same mass. The
drawback of this is that energy density measured in MJ/m?® will be lower and this is an important
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consideration in the transport. Increasing pyrolysis yield may only marginally improve the
burnout when char reactivity is already high. While volatile combustion will generate heat to
assist the char-O> reaction, oxygen will be depleted in the local area surrounding the char
particles. The effect of the gasification rate and moisture on ignition time is very low. For 50%
burnout time, pyrolysis yield is the most significant factor since volatile release is included in
the calculation of burnout. Similarly to ignition time, decreasing density and increasing
oxidation rate will improve the 50% burnout time. Gasification reactivity will also improve
this time due to the consumption of char through the char-CO; gasification reaction which will
be useful at high temperature zones due to the high activation energy and also in areas of the

furnace where oxygen is low or depleted.
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Figure 5.10 Sensitivity of individual CFD input parameters on combustion performance

5.4 Conclusions

The major conclusions from this study are shown as follows:

1. A maximum pyrolysis temperature of 900 °C with a slow heating rate or holding time of
20 min at 800 °C is vital for the elimination of volatile matter from the coal briquette and
generation of a char that has an adequate heating value for use in the PCI process. Using
differently sized coal, it was seen how the release of volatile matter decreased with
increasing particle size and decreased even further once the briquette was used.

2. Once the majority of volatile matter was eliminated from coal, there were minimal changes
to the coal mass and proximate properties however it was seen through further analysis that
both free radical concentration and coal reactivity drastically decreased beyond a
temperature of 800 °C. True density also continued to increase as the pyrolysis process
progressed.

3. Combustion performance, as evaluated using CFD modelling, showed a positive
performance of all chars generated from the Yallourn briquette compared to PCI coal. It is
important that oxidation reactivity is maintained in order to benefit both ignition time and

50% burnout time.
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It was confirmed in Chapter 5 that Victorian brown coal could be upgraded to a char product
that has a similar heating value and reactivity to a commercially used PCI coal. This process
was scaled up to a pilot scale shaft furnace and two products were obtained that were generated
under two residence times. These products are examined in this chapter and their suitability for
the PCI process is discussed. This chapter has been reformatted from the published manuscript:

De Girolamo, A., Lameu, N. K., Zhang, L., Ninomiya, Y., Ignitability and combustibility of

Yallourn pyrolysis char under simulated blast furnace conditions. Fuel Processing Technology
2017, 156, 113-123. Supplementary data is contained in Appendix A.
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Abstract
In this paper we have examined the potential of Yallourn brown coal char (collected from an

industry-scale pyrolyser) to be used as a pulverised coal injection (PCI) fuel, its size-dependent
properties, ignitibility and combustibility under the simulated conditions of the blowpipe-
tuyere section in a blast furnace. The combustion of individual sizes for Yallourn char was
tested in a lab-scale drop-tube furnace (DTF) using pre-heated hot gas with a temperature up
to 1000 °C, and a particle residence time as short as 0.6 s. Computational fluid dynamics (CFD)
modelling was further conducted to optimize the char combustion conditions via sensitivity
analysis. Irrespective of the pyrolysis condition, Yallourn char is superior over bituminous coal
for being used as a top grade PCI fuel, due to its higher calorific value (7500-8110 Kcal/kg),
lower ash content (<10 wt%), high ash melting temperatures (>1550 °C), and abundance of
iron (>40 wt% in ash). The performance of Yallourn char is also superior over bituminous coal
under the simulated blast furnace conditions, for a rapid ignition and burnout even for a coarse
char size of 300 pum under the stoichiometric O./C molar ratio and using low blast temperatures
of 800 - 1000 °C. All these are beneficial for reducing the energy consumption related to
particle pulverization and the amount of oxygen for the combustion. With regard to the
Yallourn char ignition and combustion in the hot gas, a minimum 6 wt% volatile content is
essential for a stable and rapid ignition of the volatiles at a gas temperature of 1000 °C or
below, since homogeneous ignition is predominant at low temperatures. However, once the
blast temperature rises to 1200 °C, the dependence on volatile content turns insignificant due
to the dominance of the heterogeneous ignition, high C-O> reactivity for the solid char, as well
as the minimized pore diffusion control due to the large porosity (52.0 - 63.1%) of the Yallourn
char tested here.

Keywords

Blast furnace, Pulverized coal injection (PCI), Yallourn char, Combustibility

123



Chapter 6 Ignitability and Combustibility of Yallourn Pyrolysis Char under Simulated Blast

Furnace Conditions

6.1 Introduction

With the depletion of the reserves for coking coal in the world, the demand for the use of PCI
coal at a high coke replacement ratio is increasing stably in the international steelmaking
industry 1. PCI technology involves directly injecting coal into the blast furnace, increasing
productivity, and replacing a part of coke that is used for the process of making iron 2. The PCI
coal has strict requirements in terms of ash composition and amount, volatile content, moisture

content and grindability.

Volatiles present in a PCI coal have a double - edged role in blast furnace performance 3. The
injected coal has to devolatilize and combust at the correct location and time, for operational
safety and optimal performance. Due to the very short residence times of coal particles in the
raceway (15-20 ms), controlling combustion and ignition is critical to avoid incomplete burnout
and excess unburnt char formation. While higher volatile content is correlated with higher char
reactivity and hastened ignition * excessive amounts of volatiles may cause unstable
combustion in the blowpipe and the degradation of coke °. Additionally, volatile content is
inversely correlated with the calorific value of a coal. A low-volatile coal with a high calorific
value will be able to replace a greater portion of the coke leading to additional cost savings

with low volatile coals.

Reactivity of the PCI coal is another important factor in blast furnace performance ©. In general,
as PCI injection rate increases, unburnt char can increase the amount of fine coke particles in
the raceway region, which in turn exerts detrimental effects on gas flow and permeability of
the coke. However, a generalized conclusion regarding the impact of char reactivity on the
performance of blast furnace has yet to be achieved. Phillip suggests that char reactivity may
not be a significant factor in the raceway ’. At the high temperatures in the raceway of up to
1500 °C, the char oxidation will be mainly diffusion controlled, and hence, its rate will be fast
enough that any oxygen present at the particle surface will be consumed quickly 8. On the other
hand, Lu proposes that intrinsic char reactivity is a significant factor in burnout due to the
highly turbulent regions in the flame and small particle sizes used in PCI combustion °. In
addition to the char - Oz reaction, the char - CO2 gasification will occur beyond the raceway
and this is likely to be intrinsically controlled due to the slower rate of reaction and lower

temperatures in the furnace stack.
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Low-rank brown coal has large reserves in both Australia and China, and also other parts of
the world. However, due to its large moisture content, low-rank coal has been mainly used as
the feedstock to supply local power plants which generally have a very low efficiency and a
high carbon emission rate compared to black coal °. Little of low-rank coal is being used as a
value-added product in the market for non-power applications including blast furnace use.
Upon beneficiation such as mild pyrolysis, the low-rank coal is expected to be upgraded to a
char with a higher calorific value that can be used in a variety of advanced applications
including power generation, combustion in blast furnace, precursors for activated carbon, and
reductants for the production of precious metals in the metallurgical industry. To date, the
application of low-rank brown coal char as a PCI fuel for a blast furnace has yet to be tested.
Instead, the use of woody charcoal as a PCI substitute fuel for CO. emission reduction has been
examined . Compared to woody charcoal, the low-rank coal char possesses distinct properties
including different ash content and composition, as well as a different carbonaceous structure

and reactivity.

This paper follows on from previous work on coal-char blends 2, and aims to validate the
viability and benefit of fully replacing the commercial bituminous coal by brown coal char as
the single PCI fuel in a blast furnace, rather than through blending them together. In particular,
considering that volatile matter is one of the most critical factors for a single PCI fuel °, the
primary goal of this paper is to clarify the minimum volatile content in a lignite char that can
ignite stably and rapidly whilst reaching its maximum possible calorific value (thus energy
density). Such a goal is also significant for tailoring the parent coal pyrolysis conditions since
the char is a prepared material, as well as establishing the bond between pyrolysis and the end-
use of the pyrolysed char. To date, most of the studies on char properties and reactivity have
failed to specify the end-use of the char, thereby providing little advice to both PCI application
in the blast furnace, and the optimisation of pyrolysis conditions to meet the needs required by
the PCI application. Additional efforts were further made to reveal the maximum possible size
for the lignite char that can burn efficiently, so as to reduce the energy consumption required

for its milling prior to being injected into the blast furnace.

To achieve the afore-mentioned research objectives, two Yallourn char samples collected from
a pilot-scale shaft furnace with a capacity of 200 kg/h have been characterized and tested in

this study. Their size-dependent properties and intrinsic reactivity were firstly examined.
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Secondly, an experimental study of char particle ignition and burnout was conducted in a lab-
scale thermogravimetric— differential thermal analyser (TG-DTA) and drop tube furnace (DTF)
as a function of O2/C molar ratio, furnace temperature and char size. The DTF used is unique,
possessing the capability to provide a hot blast gas up to 1000 °C to mimic the industrial blast
furnace. Finally, computational fluid dynamics (CFD) modelling was performed to interpret
the DTF results and further explore the optimum properties for lignite char in terms of ignition
and burnout under the simulated blast furnace conditions. The parent raw coal is sourced from
the Latrobe Valley, Australia. As a reference, a bituminous coal currently used commercially

as a PCI coal was analysed and compared.

6.2 Material and Methods

6.2.1 Properties of Yallourn char products

Coal for the production of char is sourced from Yallourn in Victoria, Australia. Yallourn lignite
has a very high moisture content (65.2 % ar) but is low in ash (2.61% db) 3. Two char samples
were generated by pyrolysis of raw wet Yallourn lignite in a pilot-scale shaft furnace with a
capacity of 200 kg/h at approximately 800 °C. These will be referred to as Yallourn char 1
(YC-1) and Yallourn char 2 (YC-2) and their approximate residence times are 5 and 10 hours,
respectively. A longer residence time is expected to generate a low-volatile char that thus has
a higher energy density. Other products recovered from the pyrolysis included water, gas and

coal tar.

Char particles were size segregated prior to analysis. The char produced ranged in diameter
from less than 100 um to over 8 mm. Interestingly, the sizes less than 1 mm in diameter are
mostly present as powdery, darkish particles that are analogous to high-rank black coal, as
evident in Figure 6.1 which shows the size-dependent surface morphologies of YC-1. Instead,
the chunk sizes larger than 1 mm are more like woody charcoal. This is because the woody
fibres are abundant in the original lignite. Clearly, the lignite char studied here is intriguing, as
its maceral composition is a combination of both black coal and woody biomass. Such a sample

has yet to be probed.
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0.6-1 mm 1-4 mm 4-8 mm

5mm
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Figure 6.1 Surface morphology of differently sized lignite char, observed by optical
microscopy. Scale is relevant to all micrographs.

To determine the crystal structure of char samples, X-ray diffraction (XRD) analysis was
conducted in a Rigaku MiniFlex600 instrument. The char samples were demineralized with 1
M HCI washing for 3 hours followed by rinsing with deionised water until the leachate turned
neutral prior to the XRD analysis. A scanning speed of 0.1 °/min was selected with a step size
of 0.01° for a 2-theta angle from 10° to 70°. The maximum capable power of 600 W was used
for the XRD characterisation. The samples were ground under the argon protection prior to the

analysis.

6.2.2 Ignition temperature, volatile release and char-Oz2 reactivity measurement in TG-
DTA

Char ignition temperature was measured in TG-DTA (Shimadzu DTG-60H) and was defined
as the temperature at the intersection of the tangent of the char mass at the initial point

(horizontal line) and the tangent of the char mass curve at the peak of the DTA curve when the
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sample is heated at a rate of 10 °C/min. Samples were ground to a size of <106 pm to minimise
the diffusion.

Intrinsic char-O- reactivity kinetic parameters was calculated using the direct Arrhenius plot

method which is based on.

ln[ ! .d_a =ln(é>—&.l Equation 6.1
(1—-—a) dT B

da
(1-a) " dT

Where B is the heating rate and a is the conversion. By plotting In [ ] against %, the

pre-exponential constant A, and activation energy Ea can be calculated. The heating rate was
fixed at 50 °C/min and the air flow rate was fixed at 200 ml/min to ensure that the sample will
always be supplied with 20.94% O.. First-order devolatilization kinetics were measured in the
same TGA instrument using the non-isothermal Kissinger method 4. Argon was used at 100

ml/min and heating rates ranged from 10 to 50 °C/min in increments of 10 °C.

6.2.3 DTF experimental setup

A 2-m DTF was employed to combust the coal and char sample and a gas analyser recorded
the combustion gases exiting the furnace. A schematic of this DTF can be found in previous
work . In brief, the sample enters the DTF with a cold primary gas of 1 L/min, while a
secondary gas of 9 L/min is preheated through the annulus between the reactor and the furnace,
mixing with the coal or char at the injection point. Such a unique pre-heating system for the
gas can resemble the blast furnace condition where the hot air is normally heated to ~1000 °C.
This is different from the previous study on the test of PCI coal in a lab-scale DTF without
extensive preheating of the secondary gas 6. A water cooled injector was used to inject the
sample at a further distance in the reactor so that the particle residence time was approximately
14s.

The coal feeding rate was set to approximately 1 g/min. The combustion test was conducted at
three furnace temperatures, 800 °C, 900 °C and 1000 °C, and four O2/C molar ratios ranging
from 0.7 to 1.4. For the char and commercial PCI coal, three original sizes of <106 xm, 106-

150 um and 150-300 «m were tested to evaluate the size-dependence of their combustibility.
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In addition, the char sizes larger than 1 mm were ground to <106 xm and further tested. The

experimental conditions are summarized in Table 6.1.

Table 6.1 DTF experimental conditions tested

Sample Size Temperature | O2/C
°C ratio
<106 pum 800, 900, 1000 | 0.7-1.4
106-150 pm
150-300 pm
YC-1 1-4 mm ground to <106 | 1000 0.7
Hm
4-8 mm ground to <106 | 1000 0.7
pm
<106 pum 800, 900, 1000 | 0.7
106-150 pum
150-300 pm
YC-2 1-4 mm ground to <106 | 1000 0.7-1.4
Hm
4-8 mm ground to <106 | 1000 0.7
pm
<106 pm 800, 900, 1000 | 0.7-1.4
Commercial PCI coal | 106-150 um
150-300 pum

Coal/char burnout was measured by examining the mass balance of combustible matter before
and after each test. The unburnt residue from each run was fully collected via a flask and
thimble filter installed at the bottom of the DTF reactor. The ash percentage in the residue, Ar
was measured by the TGA instrument by burning it in air upon heat-up to 800 °C at a heating
rate of 10 °C/min. By employing the original mass (Mo, dried) of the injectant, its ash content
(Aoriginal, Wt% on dried basis) and the mass of the residue (M), one can calculate the burnout

(B) using Equation 6.2 below:
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M, (100 — 4,)

B=(1-—— "2
( M, (100 — 4,)

)X%100 Equation 6.2

This method is expected superior over the traditional ash-tracer method in which the
conservation of ash mass is assumed during the combustion process. The low-rank coal and its

derivatives including char give a non-negligible ash loss upon the combustion *°.

6.2.4 CFD modelling methodology

A three-dimensional CFD model of the DTF was established to interpolate and extrapolate the
DTF results so as to gain a better understanding of the burnout profile of different fuels.
Although the DTF experiments shown are able to show the discrepancy of the burnout between
different fuels, an accurate estimation of the influence of a single parameter is difficult. This is
due to the limitation of the feeding system that rarely allows for an identical feeding rate for
different samples with different density and different Oo/C molar ratios. Such a problem was
solved easily by CFD modelling once it is fully validated. For the modelling in this study, the
furnace wall temperature was varied from 800 to 1200 °C, as this is closest to the temperature
of the hot air stream that the particles are injected inside the blowpipe-tuyere section in a blast
furnace ®; the O2/C molar ratios was set identical with that which has been tested in the DTF,
and all the different sizes of char and PCI coal were tested to conduct a sensitivity analysis of

the char burnout as a function of particle size and operating conditions.

The mesh and model for the DTF was taken from a previous study of brown coal combustion
in the same rig, which has been fully validated *”. The mesh is made up of 231,000 cells and
encompasses all of the drop tube furnace features, including the primary and secondary gas
inlets, secondary gas preheating zone, the water-cooled injector, and mixing of gasses and char
at the injector tip. This mesh was validated in a grid independence test as well as with
measurements of particle temperature in the previous study. The models used in the simulation
are summarized as follows: Turbulence: k-€ model is used which has shown sufficient accuracy
in modelling combusting flows *8; Radiation — the discrete ordinates (DO) method was chosen
due to suitability for all optical thicknesses and level of accuracy *°; Radiation absorption: the
weighted-sum-of-grey-gases model (WSGGM) which is commonly used for coal CFD

simulations as it is efficient and shows a good agreement with experimental observations 2°;
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Particle reactions — Multiple surface reaction model; and Gas phase reactions — Westbrook &

Dryer mechanism 2L,

Particle surface reaction kinetics, as well as devolatilisation rates were taken from the TGA
experiments described earlier and diffusion rate constants were found in literature 22, The mass
loss and Kissinger plot can be found in supporting information (SlI), Figure S1 and Figure S2,
respectively. The devolatilisation rate of Yallourn char samples was assumed to be similar to
that of raw Yallourn coal. First-order rate kinetic parameters A and Ea were determined to be
6.88x10'3 s and 205 kJ/mol, respectively using the previously described Kissinger method.
While the pyrolysis reaction proceeds relatively fast compared to the char conversion reactions,
the high activation energy here is indicative of the high temperature dependence of the volatile
release. For PCI coal the Arrhenius equation constants were taken from the work of Badziok
and Hewksley (A=4.92x10° st, Ea=74 kJ/mol) %3,

6.3 Results and Discussion

6.3.1 Char property analysis

The proximate property analysis was conducted on each size group and a trend was found
linking a decrease in size with a decrease in fixed carbon and an increase in moisture, ash and
volatile matter shown in Figure 6.2. This variance in properties was much greater for YC-1
than YC-2 that was produced at a longer residence time. The trend of this variation initially
appears counterintuitive, i.e. smaller particles would be expected to lose a greater amount of
volatiles due to the lesser heat and mass transfer resistance. Instead, the result here may suggest
a secondary condensation of both volatiles and even the ash-forming elements once they were
evaporated from their local positions in the coal matrix. For both char samples, the size bin
<106 um showed an ash content above the standard for a Grade 1 PCI fuel (<10 % ash) 2.
However, all the other sizes have an ash content that is much lower. The lengthier pyrolysis
time to produce YC-2, compared to YC-1 increased the percentage of fixed carbon in the
sample while decreasing volatile matter and moisture. Apart from the continued release out of
coal matrix, the volatile residues may also be partially solidified upon a variety of secondary

reactions such as formation of soot and coke, and also interaction with the char matrix 2.
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Figure 6.2 Proximate analysis of size segregated YC-1 (top) and YC-2 (bottom).

The true and apparent densities of two char samples were also measured (Table 6.2). For
comparison, a commercial PCI bituminous coal was also tested, which is composed of 20.3
wt% volatile matter, 8.7 wt% ash, 1.9 wt% moisture and 70.6 wt% fixed carbon on a dry basis.
As can be seen, the longer pyrolysis duration of YC-2 resulted in a larger porosity, a lower
apparent density and a larger true density than its counterpart char sample YC-1. Its true density
is almost as high as a pure graphite crystal (2260 kg/m?®) 2%, which is another sign of the strong
secondary reactions such increases in carbon aromaticity 2%, or coke/soot formation from the

primary volatile release. However, the low apparent density for the two char samples implies
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probable changes on the aerodynamics of char particles in both the mill and the blowpipe when
they are used as a substitute for bituminous coal. Finally, the calorific value (i.e. energy
content) of the three fuels is noteworthy. As evident in Table 6.2, YC-2 has the largest energy
content, followed by PCI coal and YC-1 in a descending sequence. This is because YC-2 has

the least volatile and ash content, as an expense of increasing the particle residence time in the

pyrolyser.

Table 6.2 True density, apparent density, calculated porosity, calorific value and surface area
of PCl coal, YC-1 and YC-2

PCI coal (<106 um) YC-1 (1-4 mm) YC-2 (1-4 mm)
True density (kg/m?®) 1441 1863* 2204*
Apparent density 1264 894.3* 813.1*
(kg/m?®)
Bulk density (kg/m?3) 644.2 510.7* 417.8*
Porosity, [-] 12.3% 52.0% 63.1%
Calorific value 7801 7517 8114
(KCal/kg)
BET surface are Not measured 334 56.7
(m?/g)

*: The size of <106 um for each char sample has also been analysed, showing little

difference with the size of 1-4 mm

X-ray diffraction (XRD) was also used to examine the differences in carbon structure for the
1-4 mm size fractions of both YC-1 and YC-2 char as well as PCI coal (Figure 6.3). It can be
seen in this figure that the demineralisation procedure was sufficient to be able to analyse the
carbon properties without significant interference from inorganic minerals. The concentration
of species in the entire sample, as measured by XRF, can be found in supporting information
Table S1. YC-2 char exhibits a sharper (002) graphite peak, at ~24° and a sharper (100) graphite
peak at ~43° indicating a greater degree of ordered carbon structures. The (002) peak which is
associated with aromatic side chains is expected to also be influenced by the overlapping y
peak which is associated with aliphatic side chains . PCI coal also shows a very sharp peak

in this region which is expected since aromaticity increases with coal rank 2. Increased carbon
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aromaticity is linked with increased carbon ordering and true density and will negatively
influence the reaction rate 2°. It is possible to split the first peak into symmetrical (002) and y
peaks, and subsequently integrate to calculate the degree of aromaticity, f with Equation 6.3.

Aoo2)

fa = Awoz) + 4y

* 100 % Equation 6.3

Where Aqo2 is the area under the (002) and A, is the area under the y peak.
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Figure 6.3 XRD spectra for YC-1 and YC-2 char samples as well as PCI coal

The curves used in the calculation of the area can be found in supporting information Figure
S3. For both char samples, two symmetrical peaks were able to match the original peak with
an adjusted R? value above 0.998. The aromaticity of YC-1 and YC-2 chars were determined
to be 67.8% and 82.8% respectively, indicating that the char aromaticity is increased in the
case of YC-2 char.

Table 6.3 further summarizes the ash compositions (in its most stable oxide form) for the
different sizes of YC-1 sample and ash fusion temperature. The most abundant element is Fe,
followed by Mg and Ca, whereas the contents of alkali metals (Na and K) are extremely low.
This is different from woody charcoal which is rich in alkali metals . Due to the abundance

of Fe and Mg, the ash melting temperature is also higher than 1550 °C. All these properties are
134



Chapter 6 Ignitability and Combustibility of Yallourn Pyrolysis Char under Simulated Blast

Furnace Conditions

superior over the bituminous coal with the abundance of silicon, aluminium, calcium, iron and
even sodium in the ash. Due to the co-existence of these five elements, the bituminous coal ash
has a larger tendency to melt and cause fouling in the burner vicinity. Such problems would be

obviously avoided in the case that the Yallourn char was used as the PCI fuel.

Table 6.3 Size-dependent ash compositions of YC-1 sample and ash fusion temperatures

Char size, um

4000- 1000- 600- 300- 106- PCI
Element >8000 8000 4000 1000 600 300 <106 coal
SiO» 0.6 0.8 15 1 1 1.2 1.3 40.5
Al203 0.8 1.7 1.4 1.4 1.3 1.4 1.3 27.6
Fe203 20.1 34.7 34.9 36 39 41 48.4 16.0
MgO 28.3 27.6 26.5 26.9 27.6 28.4 28.4 0.02
Ca0 23.2 15.7 17.2 16.5 14.6 13.7 114 13.1
SOs 22.2 16.5 15 14 13.6 11.5 6.7 6.6
K20 2.2 1.5 1.9 1.6 1.1 0.8 0.5 0.5
Na20 0.3 0.2 0.2 0.2 0.2 0.2 0.3 3.7
Ash fusion temperature, °C

Reducing atmosphere Oxidizing atmosphere

Deformation temperature >1550 >1550
Hemispherical temperature >1550 >1550
Spherical temperature >1550 >1550
Flow temperature >1550 >1550

6.3.2 Reactivity and ignition in TGA

The results in Figure 6.4 indicate that the ignition point of YC-1 is close to that of the PCI coal,
although the volatile contents of YC-1 are less than that of its counterpart. YC-2 has an ignition
point approximately 100 °C above that of YC-1. This should be attributed to a high volatile
content for YC-1 char (as evident in Figure 6.2) as well as an increased surface area of YC-1
char as evident in Table 6.2. Increasing particle size shows a marginal increase in the ignition
temperature, further supporting the dominance of heterogeneous ignition mechanism for the

Yallourn char.
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Figure 6.4 Ignition temperatures for lignite char samples and PCI coal

Figure 6.5 was plotted to compare the intrinsic char-O> reactivity of different samples. These
reaction rates were plotted based on the kinetic parameters found by analysing the char mass
loss curves (Figure S4) using the previously described direct Arrhenius plot method (Figure
S5). The results show significantly higher reactivity for YC-1 samples, irrespective of its size.
PCI coal showed lower reactivity than YC-1 char, while YC-2 char generally had the lowest
reactivity below 800 °C. Above 800 °C, YC-2 shows a similar reactivity to PCI coal. This is
expected due to the increased pyrolysis time of YC-2, resulting in a lower surface area, higher
true density (Table 6.2) and more ordered carbon structure (Figure 6.3). The partially
demineralised samples used in the XRD analysis were also analysed for their char-O; reactivity
to discover whether the higher reactivity of YC-1 can be attributed to the increased presence
of ash forming minerals which could catalyse the char conversion reactions. The previously
mentioned supporting information Table S1 shows that the demineralised YC-1 char contains
less iron and also less total ash then the unwashed YC-2 char. However, the results from the
demineralised char samples were almost identical to the unwashed char, proving that
differences in char-O> reactivity are purely due to the carbon structure rather than the higher
ash content of YC-1 compared to YC-2. This comparison plot is shown in Figure S6 in the
supporting information. In terms of particle size group, smaller sizes showed increased

reactivity, due to the larger specific surface area and the minimal/negligible diffusion control.
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Ground samples showed a comparable reactivity to that of samples of a similar size that were
not ground. Clearly, the broad variation of the reactivity of char as a function of size should
pose an effect on its combustibility. This will be examined by sensitivity analysis via CFD

modelling later.
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Figure 6.5 Intrinsic char-O> reactivity of lignite char samples and PCI coal

6.3.3 Ignition and Burnout in DTF experiments

A CCD camera was used to capture the YC-1 particles ignition sequence after it is injected into
the hot blast in the DTF at 1000 °C and an O>/C ratio of 1.2, as shown in Figure 6.6. Upon an
exposure time of 0.25 s, the char particles sparkled individually, forming a long trajectory in
the field of view (FOV) of the camera. Such an ignition should be mainly assigned to
heterogeneous ignition of char surface, since the volatiles in this char are very lean. Otherwise,
a large fireball formed upon the homogeneous firing of volatiles should be observed, as has
been confirmed for raw lignite coal combustion ?°. The char combustion was continued stably,
radiating strong heat in the FOV of the camera in 0.5 s. In addition, it is noteworthy that, the
heterogeneous sparkling of char particles observed here, due to the shortage of volatiles, is
beneficial in providing a low pressure drop and hence a stable operation of the tuyere of the

blast furnace °.
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Figure 6.6 Char ignition sequence of YC-1 <106 xm at O»/C=1.2 and 1000 °C

The effects of char particle size and O2/C molar ratio were tested for the burnout of YC-1 at
three temperatures. Figure 6.7(a) for YC-1 char shows that, irrespective of O./C ratio and
reaction temperature, the particle size range of 106-150 um only showed slightly decreased
burnout compared to the smallest size <106 xm for the same char, while the large size 150-300
pum show a much decreased burnout particularly at 800 °C and 900 °C. Such a decrease should
be attributed to two reasons, one is the enlarged resistance against the internal diffusion of
oxygen within char particle, and another one should be the decreased volatile matter content
upon the increase of char particle size, as evident in Figure 6.2. However, discrepancy between
the three char sizes was narrowed considerably by increasing both the O2/C molar ratio and
furnace temperature. An increase in the O2/C molar ratio is beneficial in reducing the resistance
against the external diffusion of oxygen for larger particle sizes. The similar observation was
confirmed for YC-2 with a much lower volatile content in panel b.
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Figure 6.8 further compares the burnout rate as a function of O2/C molar ratio between two
lignite chars and the bituminous coal reference at 1000 °C, which is much closer to the
temperature profile in the blowpipe in a real blast furnace. Note that, all the three samples are
smaller than 106 xm in size. As can be seen, the commercial bituminous coal requires a
minimum O2/C molar ratio of 1.2 to reach its maximum possible burnout at 92.5 wt%.
However, under such an excess O condition, YC-1 sample reached a complete burnout,
whereas YC-2 achieved around 95 wt% burnout, which is still higher than that of the
commercial PCI coal. Apart from the high reactivity, the large porosity of Yallourn char is also
another important variable affecting the necessary amount of oxygen for combustion.
Compared to Yallourn char having a porosity of 52-63.1%, the bituminous coal tested here has
a much smaller porosity of 12.3% which thus poses a larger resistance against the internal
diffusion, in particular in the later stage of coal combustion where the oxygen in bulk gas is
insufficient and its diffusion is thus critical.
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Figure 6.8 Differences in reactivity between the two Yallourn char samples and PCI coal at
1000 °C
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Figure 6.9 further substantiates the high burnout of Yallourn char and its distinct combustion
mechanism at a fixed O2/C molar ratio of 0.8-0.9 that is close to the stoichiometric ratio for the
combustion. For the YC-1 char sample, increasing its particle size resulted in a reverse
exponential decrease on the carbon burnout, substantiating the above hypothesis that the
external diffusion of oxygen is the control step for the three blast temperatures tested here.
Even so, the burnout for YC-1 is still very high, reaching a value of approximately 70 wt%-daf
for the largest size that is close to the results for bituminous coal achieved at 1000 °C. With
regard to the commercial bituminous coal, it is obvious that the external oxygen diffusion is
insignificant at these three blast temperatures, as reflected by a rather comparable burnout
between the three coal sizes at each temperature. To reiterate, the slow reaction rate and internal

diffusion due to the small porosity are more important for bituminous coal combustion.
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Figure 6.9 Comparison of the burnout of differently sized YC-1 char (right) and commercial

PCI coal (left) at an O2/C molar ratio of 0.8-0.9

Finally, the burnout of lignite char as a function of volatile matter was established in Figure

6.10 at a fixed O2/C molar ratio of 0.8-0.9 and 1000 °C. This is to assess the dependence of

141



Chapter 6 Ignitability and Combustibility of Yallourn Pyrolysis Char under Simulated Blast

Furnace Conditions

such a low-volatile char combustion on its volatile matter content, as well as to determine the
minimum volatile content in the char to ensure a complete burnout. For the PCI coal application
in the blast furnace, the volatile content is deemed as the most influential criteria for the coal
selection 6. Interestingly, a single linear trend line was not observed. Instead, the two char
samples show rather different trend lines with different slopes. The YC-1 char has a smaller
slope which is estimated to be around 0.68 for a volatile content down to 6 wt%. Such a slope
was also much smaller than that has been established for commercial PCI coals in the literature
18, However, for the YC-2 char produced with less volatiles under harsh conditions, a much
steeper slope was found for its volatiles ranging from ~ 3 wt% to 6 wt%. By combining the
trend lines for the two chars, it is obvious that ~ 6 wt% is the minimum volatile content
requested for the prepared lignite char, otherwise its burnout at 1000 °C and below would drop
dramatically to a level that is even lower than the commercial PCI coal. Compared to the natural
bituminous coal, the char tested here is a prepared material, and thus, change on its volatile
content will lead to the change on the other properties including porosity, structure and
reactivity of the remaining carbonaceous matrix. Since all these changes will interlay and affect
the performance of the char combustion jointly, the results from CFD modelling in the next
section will be further interpreted to appropriately address the combustion of Yallourn char

under the simulated blast furnace conditions.
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Figure 6.10 Char burnout versus volatile content for two Yallourn chars at a fixed O2/C ratio
of 0.8-0.9 and 1000 °C

6.3.4 CFD modelling
6.3.4.1 Model Validation

Apart from the previously described grid independence test and particle temperature
measurements ', the model for char burnout was further validated here by comparison of char
burnout and outlet O, concentration in flue gas as obtained from the DTF experiments and as
predicted by the CFD model. The comparison plots can be found in Figure 6.11. A reasonable
relationship is seen between the experimental and simulated results. Some variation is expected

due to the sensitivity of DTF inputs and measurements.
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6.3.4.2 CFD Results Interpretation

Figure 6.12 first compares and predicts the effect of varying wall temperature, and
subsequently the preheated gas temperature for the two Yallourn chars versus the reference
coal, at a fixed O/C ratio of 1.0 (stoichiometric ratio) with a constant feeding rate and modified
O. concentration. For the reference bituminous coal, its burnout profile shows a great
dependence on the temperature. At 900 °C, it reaches a final burnout of only 60 % at the exit
of the whole reactor for a residence time of 1.8 s. The burnout profile consists of two steps,
with the first step being finished in 0.2 s for the release and combustion of the volatiles, whereas
the latter one for the heterogeneous oxidation of the char. Upon the rise of reaction temperature
to 1100 °C, the two steps overlap considerably. This results in a relatively smooth burnout
profile and the completion of the combustion in 1.4 s. Increasing the temperature to 1200 °C
further enhanced the overlapping between different stages, and shortened the burnout time to
about 1.0 s.
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The YC-1 char combustion shows a less dependence on the temperature, even accomplishing
its burnout in 1.6 s at 900 °C. Upon the rise of combustion temperature, the time to complete
its burnout was further decreased to 1.0 s, 0.8 s and 0.7 s at 1000 °C, 1100 °C and 1200 °C,
respectively. Moreover, the first step for YC-1 combustion, completed at around 0.3 s for
900 °C resulted in a loss of around 60 wt% of the char. By revisiting the visualized ignition
sequence for this char in Figure 6.6, one can clarify that the heterogeneous ignition occurred
concurrently with the ignition of volatiles in such a short distance. The heterogeneous ignition
even predominated since the volatiles only account for maximum 15 wt% (see Figure 6.2) for
YC-1 char. More interestingly, it is also referable from Figure 6.12 that the two steps for YC-
1 char are rather split at 1200 °C. The overall burnout profile at this temperature is also rather
similar with that of the bituminous coal, suggesting the analogy of the combustion performance
of these two fuels at the high furnace temperature. In other words, the properties of the original
fuel are insignificant at high temperature. This could hold true, considering that the solid
combustion generally shifts from reaction control to external diffusion control upon the
elevation of the reaction temperature. The similar phenomena was also observed for another
Yallourn char, YC-2.

Figure 6.13 demonstrates the time-resolved particle temperature profile for bituminous coal
versus YC-1 char at 1000 °C and 1200 °C at the stoichiometric O2/C molar ratio of 1.0.
According to panels (a) for bituminous coal, a particle was continuously heated until it reached
a peak temperature which was around 1300 °C and 1400 °C at the furnace temperature of
1000 °C and 1200 °C, respectively. This is due to the exothermic nature of the combustion
providing heat feedback to the particle self. The respective first-order derivative in panel (a’)
further explored the existence of different combustion stages for bituminous coal. At 1000 °C,
the initial peak for ignition was rather weak for bituminous coal, substantiating a slow release
and ignition for the volatiles. A much stronger and broader peak at the residence time of 0.2 s
was observed, reflecting the combustion of both the lagged volatiles and solid char at this stage.
Increasing the furnace temperature to 1200 °C accelerated the volatile release rate, as echoed
by a remarkable increase on the intensity of the first peak in panel (a’), and the second peak
also shifted remarkably to a shorter residence which is around 0.1 s. Clearly, the PCI coal char
reactivity holds a more sensitive variation than the volatiles upon the variation of the

temperature. Since the distance between two stages was shortened at 1200 °C, the burnout
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profile in Figure 6.12 is thus relatively smoother for the PCI coal at such a high furnace

temperature.
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Figure 6.13 Temperature distributions for PCI coal (a) and YC-1 char (b) near the injection
zone with wall temperature (a) 1000 °C and (b) 1200 °C at O,/C=1.0. Panels (a’) and (b’) are

the first-order derivative of panel (a) and (b), respectively.

The results of Figure 6.13(b) for the time-resolved particle temperature of YC-1 are quite
similar with the PCI coal in panel (a). However, the respective first-order derivative in panel
(b”) explored a rather distinct combustion behaviour for the Yallourn char. Even at the low
furnace temperature of 1000 °C, the first peak for particle ignition is much stronger than that
observed for the bituminous coal. Obviously, this peak should be partially attributed to the
heterogeneous ignition of char particle, otherwise, less heat would be provided to heat up the
particle rapidly. The amount of char participating in the first stage should also be considerable,
thereby releasing sufficient heat feedback to heat up the particle at a peak rate of 2.4 x 10* °C/s,
which is around four times of the particle heating rate observed for the bituminous coal.
Consequently, around 60 wt% of the YC-1 was consumed at the first stage, as evident in Figure

6.12. Regarding the temperature rise to 1200 °C, the left shift of the second peak for char
147



Chapter 6 Ignitability and Combustibility of Yallourn Pyrolysis Char under Simulated Blast

Furnace Conditions

burnout is not surprising, which can be fully assigned to the high reactivity of Yallourn char.
However, it is more intriguing to observe a decreased intensity for the first peak when
compared to 1000 °C. This explained the reduction on the mass loss at the first stage back to
the burnout profile for YC-1 char in Figure 6.12. It may also reveal a different reaction route
for YC-1 char at such a high temperature. Since the radiative heat transfer from the furnace
wall was enhanced upon the furnace temperature rise, it is very likely that the exothermic
reaction such as C-CO gasification has taken place at this stage. Otherwise, the particle would
be heated up more quickly. As has been confirmed in a separate study %', the gasification
reaction contribution is remarkable for Victorian brown coal char. This should also be the case
for the YC-1 and YC-2 char samples tested here, since they are also collected from the Latrobe

valley.

Effort was further made by the CFD modelling to clarify the effect of particle size on the
burnout of Yallourn char at 1200 °C for a stoichiometric oxygen to carbon molar ratio. As
substantiated in Figure 6.14, as particle size increased to a range of 150-300 um, the burnout
profile of YC-1 char is still comparable to PCI coal. The large specific surface area of woody
charcoal was also proven accounting for its higher reactivity than the PCI coal *°. Beyond that,
the burnout for the particle of 300-450 um dropped sharply due to the decreased surface area
available and increased diffusional resistance. Clearly, irrespective of the pyrolysis conditions,
the use of large size such as 300 um for Yallourn char is viable, reaching a comparable burnout

rate to the bituminous coal.
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Figure 6.14 Difference in burnout of YC-1 char with respect to particle size at 1200 °C and
02/C=1.0.

The last thing of interest to us is to further validate the burnout of Yallourn char versus its
volatile content, so as to elucidate the minimum volatile content that is a critical criteria for the
selection of PCI coal. For this, CFD modelling was further conducted to extend the
experimentally established results in Figure 6.10 to three furnace temperatures, 800 °C, 1000
°C and 1200 °C, at a fixed O2/C molar ratio of 1.0 and a fixed residence time, 0.7 s for the first
two temperatures and 0.5 s for the last one. A residence time of 0.5 s rather than 0.7 s was
chosen for 1200 °C, because both YC-1 and YC-2 char samples completed their burnout in 0.7
s at 1200 °C, as evident in Figure 6.12. The different sizes of each char sample were reduced
to the same particle size range (<106 xm) while keeping its reactivity unchanged. As illustrated
in Figure 6.15, the critical volatile content of 6 wt% was confirmed for 800 °C and 1000 °C,
which agrees with the experimental observation as shown in Figure 6.10. For YC-1 char with
its volatile content varying from 6 wt% up to 20 wt%, it holds a clear upward trend for its
burnout versus the volatile content. However, for the YC-2 char with a maximum 6 wt%
volatile content, its broad scattering rather suggests that, for the char with extremely low

volatile content, the higher heterogeneous combustibility and larger porosity of char could
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outweigh the volatile content, enhancing the burnout rate of char via dominantly heterogeneous
oxidation. Increasing the blast temperature to 1200 °C alleviates the dependence of lignite char
burnout on its volatile content, as evident by a rather flat slope for the trend line and
insignificant variation of char burnout versus the volatile content. All the burnouts are also far
higher than that of the PCI coal at this temperature, although its volatile content is high. Clearly,
in an industrial blast furnace employing a hot blast temperature close to 1200 °C, the use of the
lignite char tested here, irrespective of its preparation condition, is beneficial in offering a
higher injection rate, thereby improving the coke replacement ratio and the productivity of the

blast furnace.
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Figure 6.15 Dependence of burnout on volatile matter predicted by CFD at 0.7 s (800 °C,
1000 °C) or 0.5 s (1200 °C)

6.4 Conclusions

In this paper, we have for the first time tried to establish the linkage between brown coal
pyrolysis condition and the end-use of the resultant char as a PCI fuel in the blast furnace.

Efforts have been made to quantitatively examine the size - dependent properties of Yallourn
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char collected from an industry-scale shaft furnace, its potential and benefits for the

replacement of commercial bituminous coal in the blast furnace. The major original findings

from this study can be drawn as the follows:

1.

Irrespective of the pyrolysis condition, the char derived from Yallourn coal is suitable for
the use as the top-grade PCI fuel in blast furnace. Compared to the bituminous coal
requiring a very fine size (e.g. <106 um), excessive oxygen and high temperature
(e.g. >1200 °C) for a complete burnout, the Yallourn char tested can achieve the
comparable burnout rate under the rather mild conditions, e.g. 150-300 pm in size,
stoichiometric O./C molar ratio of 1 and a furnace temperature as low as 1000 °C.

The homogeneous ignition of the remaining volatiles in Yallourn char is predominant at
furnace temperatures of 1000 °C and below. Therefore, a minimum volatile content of 6
wt% in the prepared char is essential to ensure a stable ignition. The char structure is also
influential in controlling the later heterogeneous char burnout. However, an elevation of
the hot blast gas temperature to 1200 °C can compensate for the negative effect of volatile
contents less than 6 wt% and the influence of char structure as well, due to the enhanced
heterogeneous ignition and shift of the reaction to the diffusion control zone.

The larger porosity and surface area of Yallourn char is helpful for minimising the gas
diffusion resistance, therefore, the coarse Yallourn char of 300 um in size can burn
efficiently under the stoichiometric O2/C molar ratio at a high furnace temperature.
Reducing the Yallourn char size is further beneficial in alleviating the external diffusion

resistance to achieve a nearly complete burnout at 800 °C.
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In Chapter 6 different size-segregated fractions of the pyrolysis char product were evaluated
for their performance under PCI combustion conditions. While several fractions were found to
be suitable for the PCI process, the low volatile matter content of the most abundant fraction
had a negative impact on the combustion performance. In this chapter, both of the previously
tested industrially made lignite chars are tested as a blend with a commercially used PCI coal.

This chapter has been reformatted from the published manuscript: De Girolamo, A., Grufas,

A., Lyamin, 1., Nishio, I., Ninomiya, Y., Zhang, L., Ignitability and combustibility of Yallourn
pyrolysis char blended with PCI coal under simulated blast furnace conditions. Energy & Fuels
2015, 30, (3), 1858-1868.
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Abstract
Pulverized coal injection (PCI) is a widely used blast furnace technology aimed at reducing

costs and increasing productivity. The prospect of blending PCI coal with a lower cost char,
derived from Yallourn brown coal, is evaluated in this study by means of thermogravimetric
analysis (TGA), flat flame burner reactor and drop tube furnace experiments at four different
blending ratios as well as CFD modelling. Yallourn char has desirable properties compared to
PCI coal including a lower ash content and a higher heating value, although the reactivity is
lower and ignition temperature is higher. Since the combustion behaviour of a blend is not
always easily predicable based on the performance of the individual parent fuels, two Yallourn
char samples (YC-1 and YC-2) are analysed after blending with PCI coal at four ratios.
According to particle ignition time, a maximum 40 wt% is allowable for YC-1 char which is
comparably reactive with the commercial PCI coal. However, a maximum 20 wt% is only
allowed for YC-2 which is less reactive. The negative heat sink effect of YC-2 char is
influential, whereas the heterogeneous ignition of YC-1 overlapped considerably with the
ignition of PCI coal which is mainly in the homogeneous gas phase. In addition, it was found
that the later char oxidation rate was accelerated greatly for the PCI coal blended with YC-1,
irrespective of its blending ratio. In contrast, the heat sink effect is further obvious for the YC-
2, the increase on the blending ratio of which greatly decreased the overall burnout rate,
especially at low furnace temperatures (800°C and 900°C) and a shorter residence time such
as 0.8 s. For YC-1 char, its blending ratio is insignificant in the overall burnout. Increasing the
furnace temperature to 1000°C and the O./C ratio of 1.2 can assist in achieving a nearly
complete burnout for all of its blends, even at a short residence time of 0.8 s. In contrast, for
YC-2 char, a furnace temperature of 1200°C and O>/C ratio of 1.2 are essential to complete the
burnout of all its blends. The Yallourn pyrolysis conditions for the preparation of its char is
critical. A good synergistic interaction between Yallourn char and commercial PCI in terms of

reactivity is also essential for a broad blending ratio to be used in the blast furnace.

Keywords

Pulverised coal injection, blending, Yallourn pyrolysis char, blast furnace
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7.1 Introduction

Currently, 70% of iron production for steelmaking is attained through smelting iron ore by
reduction with a carbon source (coke/coal) in a blast furnace *. To reduce the consumption of
expensive coke and increase productivity, the pulverised coal injection (PCI) method is used
to replace a portion of the coke used in the blast furnace 2. This has been implemented in nearly
all blast furnaces in China, Japan, Korea and Taiwan and over half of those in North America,
South America and Europe®. As a result of this, the demand for coal suitable for PCI has been

increasing steadily *.

Victorian brown coal (VBC) contains a relatively high amount of moisture and has a low ash
yield. It is predominantly used for electricity generation at local power plants where it is
inefficient and very carbon intensive °. One of the promising applications for VBC is as a
substitute for bituminous coals used in PCI in a blast furnace. Unprocessed Brown coal is not
suitable for blast furnace applications due to its high moisture content and low calorific value.
Through a mild pyrolysis process, VBC could be upgraded to a higher value char which is
produced alongside other derivatives, coal gas and coal tar . The VBC char could then be
injected via the PCI method as a complete replacement for the commercial PCI coal or as a
blend.

A previous study has confirmed the viability of a complete replacement of commercial PCI
coal with two chars derived from Yallourn brown coal " 8. The char replacement has both
advantages and disadvantages compared to the PCI coal. Yallourn char has a lower cost than
the PCI coal and contains a higher calorific value, meaning it can replace a greater portion of
coke. It also has lower ash (<4 wt%) and moisture contents. On the other hand, the previous
study showed that Yallourn char has a higher ignition temperature due to its lower volatile
content, which in turn would cause a delay in the ignition and the formation of plenty of unburnt

carbon entering the blast furnace.

Char can be blended with the normal PCI coal to balance these char characteristics, however it
is not always easily foreseeable how the created blend will behave due to possible non-
additive/synergistic interactions between different coals or chars °. Some properties of coals
are always additive (C,H,0,N,S analysis, moisture content and lower calorific value (LCV)) °,

while others may be additive or non-additive depending on the parent coals. Haas et al. °
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determined that non-additive effects were greater when parent coals had a larger difference in
coal rank. Stability of low volatile coals could be enhanced by blending with a higher volatile
coal (with the exception of low-rank coal), while burnout of blends will follow a linear trend
1 with burnout being higher for coals with a larger volatile content *2 13, Ignition temperatures
of coal blends have been shown to decrease with an increased proportion of volatile matter
(VM) in the blend, however several studies have found the actual ignition temperature of blends
lower than that predicted by a weighted average of the parent coals, therefore the ignition

temperature will approach that of coal with higher VM 91415,

Table 7.1 provides a summary of a number of studies that have been completed on blending
combustion. Blend analysis by TGA has provided useful information about ignition and
interactions between blends although there is no clear consensus on whether a given blend will
show non-additive behaviour. DTF and other lab - scale rigs provide heating rates which are
much more applicable to those experienced by coal injection into a blast furnace and will allow
volatile matter to potentially interact with fixed carbon. For industry scale assessment, CFD
modelling has been favoured due to the lower cost and ability to measure key performance
parameters and modify input parameters with ease. However, the effect of chemical interaction
between blends may not be possible to fully take into account if only parent coal char
characteristics are considered. With this current state of research, it can only be assumed that
blend behaviour will usually be expected to fall within or close to the constraints given by their
parent fuels, therefore analysis of each blending ratio should be examined prior to application

in industry.
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Table 7.1 Summary of selected works on blending combustion

Purpose Testing Findings Referenc
method e
Investigate combustion characteristics of coal and TGA No synergistic effects observed. Gil etal.,
pine sawdust blends. 201016
Investigate the combustion characteristic and TGA Synergistic effect observed in reactivity and ignition. Tahmase
kinetic behaviour of microalgae/Yallourn brown bietal.,
coal blends. 2013 Y7
Investigate pyrolysis and combustion behaviour of | TGA/FT | Experimental ignition temperature increased and Yuzbasi
lignite/olive residue blends under air and oxy-fuel IR burnout temperature is higher compared to a theoretical | & Selcuk,
conditions. blend. 20118
Compare combustion characteristics of TGA Addition of biochar to biomass had similar Yietal,
biomass/biochar blends. combustibility up to a 30% blend. 201319
Assess whether the combustion behaviour of IPFR Ash yield, proximate VM, LCV, char burnout and true Haas et
blends could be predicted from that of the parent density are additive. VM yield in IPFR and apparent al., 2001
coals. density not additive. 10
Simulate flow and combustion of binary coal BF CFD | Synergistic effect on the overall burnout observed. Shen et
blends under BF conditions. model al., 2009
20
Investigate blending combustion performance of 600MW | A 50% blend ratio provided an optimum balance of Zhang et
brown coal and char in boiler. boiler moisture and combustibles. al., 2015
CFD za
Predict efficiency deviations in the combustion of DTF Blended coals with large rank differences showed Ulloa et
coal blends in power plants. improved burnout compared to weighted average. al., 2005
22
Evaluate the dependencies between the properties EFR Some properties could be predicted (HGI, SO, Moron &
of coal blends and parent coals according to their emission) while others were specific for the blend (NOx | Rybak,
mass contributions. emission, burnout). 2007 #
Test combustion behaviour and flame structure of TGA/Sli | 10% biomass addition could improve combustion Moon et
blends of biomass with coal of different ranks tburmer | efficiency of low rank coal but had no apparent impact al., 2013
on high rank coal. %
Study interaction of Ningxia coals of varying TGA Ignition of blends is closer to that of the higher Zhang et
FC/VM ratios reactivity coal. Additive behaviour observed for similar | al., 2011 °
ranks.
Blended combustion of high ash and low ash TGA/D Burnout of blends with 50% of high ash coal showed Biswas et
Indian coals TF better burnout than individual coals. al., 2006
25
Evaluate performance of blending Brazilian sub- Laborato | Blending of Brazilian coal with the imported coal led to | Machado
bituminous coal with imported PCI coal and wood ry substantial increase in conversion. Charcoal in blends etal.,
charcoal injection | increased conversion and reduced ash. 2010 %
rig
Modelling the simultaneous injection of pulverized | BF CFD | An increase in productivity was observed with the de Castro
coal and charcoal into the blast furnace through the | model addition of higher reactivity and higher volatile matter etal.,
tuyeres with oxygen enrichment charcoal. 2013 %
To verify combustion performance of biomass Pilot- Charcoal showed superior flame stability and Mathieso
charcoal products was comparable with PCI coals scale combustion performance. Burnout for blends could was | netal.,
PCl rig adequately predicted by a weighted-average. 2011 %
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In this study, the properties, reactivity and interaction of different mixtures of Yallourn char
and a commercial PCI coal will be analysed to determine an optimum ratio of blending. This
research aims to clarify both ignition and burnout rate for char — coal blends, which are critical
for the combustion of PCI in the tuyere/blowpipe of a blast furnace. Techniques used include
thermogravimetric analysis, ignition time measured in a flat-flame burner, DTF experiments
and CFD modelling. The DTF used is able to pre-heat the gas temperature up to 1000°C which
can thus resemble an industrial blast furnace. It is of interest to maximise the replacement of
PCI coal and thus have a greater content of Yallourn char in the blend in order to reduce fuel
costs and ash burden. Additionally, if a Yallourn char blend is chosen with a higher calorific
value than PCI coal, a higher coke replacement ratio would be achieved and thus additional
cost savings in coke requirement would ensue. However, since these benefits could come at
the cost of reduced reactivity and delayed ignition, it is pivotal to establish a blending ratio that
balances the beneficial and detrimental effects. While it was established that both Yallourn
char samples had a higher ignition temperature and larger ignition delay than the PCI coal
(which was correlated with the higher volatile content of PCI coal), the blends containing
Yallourn char with PCI coal will have a volatile matter content higher than that of the individual
Yallourn char samples. If the heterogeneous nature of the blend allows PCI coal with higher
volatile matter to ignite sooner, then the heat feedback from its volatile matter combustion may
in turn assist with the heterogeneous ignition and burnout of Yallourn char. In addition, the
blending of char would increase the local O2/C molar ratio for the PCI volatiles, thus promoting
its ignition. However, if the reactivity of the char is very low and does not match the PCI, it
could act as an ‘inert’ species causing heat sink near the igniting/burning PCI coal particles.
This would in turn postpone the overall burnout. All these hypotheses will be tested in this
study, which is expected to ultimately diversify the use of Victorian brown coal by creation of

a product that can be exported to the international market.

7.2 Experimental methodologies

7.2.1 Materials

Yallourn char for this study is obtained by pyrolysis of raw wet Yallourn brown coal in a pilot
- scale shaft furnace. As in the previous study ’, two types of Yallourn char were produced
under different conditions. These will be referred to as Yallourn char 1 (YC-1) and Yallourn
char 2 (YC-2). The char is created under relatively mild conditions (around 800°C) and YC-2
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was pyrolyzed over a longer time (~10 hours) period than YC-1 (~5 hours). The most common
size fraction was taken from each of these (1-4 mm), ground to a size of <106 #m and mixed
with a commercial PCI coal at four different ratios from 20% to 80% (mass fraction) char with
the remaining PCI coal. The proximate and ultimate analysis of both fuels is shown in Table
7.2. Although Yallourn char samples have similar volatile matter and fixed carbon content,

their physical properties vary considerably (Table 7.3).

Table 7.2 Proximate and ultimate analysis of fuels

YC-1 YC-2 PClcoal

Proximate analysis

Moisture % ar 10.2 1.2 1.9
Ash % db 7.4 5.2 8.7
Volatile matter % db 6.5 4.5 20.7

Fixed carbon % db 86.1 90.3 70.6

Ultimate analysis % db

Carbon 87.1 9322 80.84
Hydrogen 1.2 0.49 3.90
Oxygen* 331 0.00 4.89
Nitrogen 0.66 0.76 1.20
Sulfur 033 038 047

*By difference
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Table 7.3 True density, apparent density, calculated porosity and lower heating value for

fuels

YC-1 YC-2 PCI coal
True density 1863 2204 1441
(kg/m®)
Apparent density | 510.7 417.8 644.2
(kg/m®)
Calculated 72.6% 81.0% 55.3%
porosity*, [-]
Lower heating 27.2 32.3 30.5
value (MJ/kg)

*Porosity = (True density-Apparent density)/True density X
100%%

The kinetic parameter analysis (Table 7.4) showed a large variation in activation energy
between YC-1 and YC-2 char (103.0 and 151.6 kJ/mol respectively), although these two chars
possess the similar properties in terms of the content of remaining volatiles and ash. The
method of determination of kinetic parameters is detailed in section 7.2.2. Likely the pyrolysis
condition is critical in affecting the char structure and its reactivity. In terms of the reaction
rate at high temperature, YC-1 shows higher reactivity, closer to the reactivity of PCI coal. The
level of metal oxides in the ash of each fuel is shown in

Table 7.5.Error! Reference source not found.Table 7.4 Kinetic parameters for Yallourn char

and PCI coal
Pre- Activation Reaction Reaction
exponential energy rate at rate at
constant (s) (kJ/mol) 800°C (s1) | 1000°C (s
YC-1 5.33E+04 103.0 0.52 3.16
YC-2 3.90E+06 151.6 0.16 2.35
PCI coal 8.20E+05 129.0 0.43 4.19
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Table 7.5 Composition of ash wt % oxides

Metal YC-1 | YC-2 PCI
oxide
SiO; 1.79 1.58 40.46

Al203 241 3.82 | 27.61

Fe203 41.14 | 20.31 | 5.99

MgO 30.23 | 3443 | 0.02

CaO 7.39 | 12.62 | 13.06

SO3 8.99 | 13.16 | 6.57

K20 0.36 0.91 0.46

Na2O 6.05 | 11.36 | 3.73

7.2.2 Thermogravimetric analysis (TGA)

TGA (Shimadzu DTG — 60H) was used to determine the ignition temperature of the coal - char
blends, the intrinsic reactivity kinetic parameters for pure fuels (both activation energy and pre-
exponential factors) and the ash content of the unburned residues collected after the drop tube

furnace experiments.

A Kissinger plot was used to determine the activation energy and pre-exponential factor for the
two Yallourn char samples and PCI coal. The Kissinger method considers the effect of heating
rate on the variation in the temperature at which the maximum reaction rate occurs *. Heating
rates were varied between 4°C/min and 10°C/min to ensure that the temperature at the
maximum rate was in the chemical kinetic control regime. Ignition temperature is defined as
the temperature at which the combustion rate, for a certain heating rate, rises to 1 wt%/min of

the current mass 3.

7.2.3 Flat flame burner reactor (FFBR) experiments

Ignition tests were also carried out in a FFBR to complement the TGA observation where
ignition was measured at a slow heating rate. The FFBR was operated at atmospheric pressure
with a measured flame temperature of approximately 1062°C before the feeding of coal/char.
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A magnitude of 10° °C/s is expected for the heat-up of coal/char particles in the FFBR®?, which
is close to the industrial blast furnace heating rate. Oxygen fraction was fixed at 0.21 and the
0O2/C molar ratio was fixed at 2.5. The feed rate of coal/char to the burner is approximately 1
g/min with deviations of up to 10% from this in order to maintain the correct O,/C ratio for
each sample. At least 100 images were captured with a Nikon P7000 CCD camera and analysed
for each blend to quantify the ignition point of each sample as a distance from the burner base.
A high speed camera was used to measure particle velocity and thus calculate the ignition time.

Further information about the FFBR can be found in a previous study 2.

7.2.4 DTF experiments

A 2 m high drop tube furnace (DTF) was used to combust the coal and char samples and a gas
analyzer recorded the combustion gases exiting the furnace. A schematic drawing of the DTF
setup can be found in previous work 3. The sample enters the DTF with a low volume primary
gas (1.0 Lsto/min), while a secondary gas (9.0 Lsto/min) is preheated to the furnace
temperature and mixes with the coal or char at the injection point. Such a unique pre-heating
system for the gas can resemble the blast furnace condition where coal is injected into a hot air
stream. The coal/char feeding rate was approximately 0.7 g/min. Oxygen was added to the
secondary gas to achieve the desired O/C ratio. Particle residence time was approximately 1.4
s in the furnace. The following parameters were varied in this study: Blending ratio (with
respect to Yallourn char content): 0%, 20%, 40%, 60% 80% and 100%; Furnace temperature:
800°C, 900°C and 1000°C; and O2/C molar ratio: 0.7, 0.85, 1.0 and 1.3.

7.2.5 CFD modelling

A three-dimensional CFD model of the DTF was used to gain a better understanding of the
interactions of different blends. The mesh for this was taken from a previous study **. The
model has been validated using particle temperature measurements and a grid independence
test was conducted to optimize the mesh cell number 2°. Blends were added to the model as
two coal injections at the same inlet surface. This method may be used to study the interactions
caused by differences in volatile content and reactivity. This mesh was validated in a grid
independence test as well as with measurements of particle temperature. The models used in
the simulation are summarised as follows: Turbulence — k-¢ model; Radiation — Discrete
Ordinates (DO) model; Radiation absorption: weighted-sum-of-gray-gases model (WSGGM);

Particle reactions — Multiple surface reaction model; and Gas reactions — Westbrook & Dryer
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mechanism . The 3D double-precision pseudo-transient coupled solver was used with an
initial pseudo-time-step of 0.001 s for the first 30 iterations, followed by 0.1 s for the remainder
of the calculation. Second-order discretization schemes were used for all equations apart from
discrete-ordinates which remains as the default setting of first-order. Relaxation factors are
kept as the default settings with the exception of the reduction of the species relaxation factor
from 0.75 to 0.5 and the discrete particle phase relaxation factor from 0.5 to 0.25. The solver
is set to run until all residuals were reduced below 107 to ensure that all variables monitored
concurrently with the solution procedure including temperature, velocity and reaction rate
variables were entirely stable and unchanging with further iterations. This overall strategy

ensured all cases could be solved with a steady reduction in residuals without divergence.

7.3 Results and Discussion

7.3.1 Ignition analysis

Figure 7.1 shows the TGA measured ignition temperature as a function of the Yallourn char
blending ratio at a heating rate of 10°C/min. Ignition temperature generally increases with
increasing Yallourn char content. This is due to the lower VM % in the Yallourn char sample.
However, the ignition temperature of blends increases non-linearly with reduced volatile matter
content in the coals. To some degree this is to be expected and could be predicted based on the
burnout of the pure coal or char. If the parent fuels do not interact in the blend, the fuel with
the lower ignition temperature will still have the opportunity to ignite independently.
Therefore, this can be an advantage specific to heterogeneous fuels. Simulated curves are also
shown in Figure 1 for ignition of the blends based on the weighted averaging of the burnout of
the pure coal/char. These simulated curves predict the ignition point that would be measured if
the blends do not interact in the TGA. Clearly, the experimental results show that for both YC-
1 and YC-2 blends the predicted ignition temperature is lower than both the simulated
prediction. Therefore, a weighted average of each respective coals ignition temperature is non
- additive. A synergistic interaction could be due to the catalytic effect of minerals in Yallourn
coal char which is rich in Fe and alkaline earth metals. With respect to the difference between
the two chars, it is obvious that the increase extent for the blending of YC-1 with PCI coal is
much lower than that of YC-2, although they bear the same volatile content as evident in Table
1. For the use of YC-1 char, the ignition temperature was only increased by around 13°C upon
the shift from pure PCI coal to pure YC-1 char. The use of up to 40 wt% of YC-1 caused little
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change on the ignition time. The physical properties of the two chars are not the affecting
factors, because YC-2 char is indeed more porous than its counterpart, as evident in Error!
Reference source not found.. It is most likely that Y C-1 holds a distinct carbonaceous structure,
which is clearly more reactive and prone to ignite heterogeneously. With regard to the use of
YC-2 char, Ignition temperature of blends by thermogravimetric analysis suggests that its
blending ratio for YC-2 has to be limited to maximum 20 wt%, otherwise the ignition for the
coal-char blend would be delayed considerably, by a rise of the ignition temperature from

405°C for pure PCI coal to 431°C for 40 wt% YC-2 in the blend, and as high as 503°C for pure
YC-2.
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Figure 7.1 Ignition temperature of blends by thermogravimetric analysis

Figure 7.2 further plotted the correlation between the blend ignition temperature and its volatile
content, which was calculated by linear combination of the volatile contents in the two pure
fuels. It is evident that a non-linear correlation exists between ignition temperature and volatile
content. In addition, the trend for YC-1 and YC-2 chars (from different size fraction groups)
have their own dependencies of ignition temperature on volatile content. The degree to which
ignition temperature will depend on volatile content is greater for YC-1 than YC-2 indicated

by the steeper curve. To reiterate, this supports the importance of char structure on its reactivity.
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Figure 7.2 Effect of volatile matter on ignition temperature in TGA

The direct observation of coal/char ignition in FFBR employing a very fast heating rate in
Figure 7.3 shows an agreement with the ignition behaviour for coal blends observed in TGA.
That is, the ignition for char-coal blends was unaffected by blending at low ratios (up to 20%).
A clear decrease on the ignition time is obvious upon increasing the char blending ratio.
Although the coal/char particles are fed continuously into the FFBR and they are supposed to
have little inter-particle interaction. Same as has been observed in TGA employing a very slow
heating rate and the use of pre-loaded samples with only a few amount, YC-2 blends shows a
larger ignition delay than for YC-1 blends. The flames for the blends using YC-2 char are even
discontinuous, indicative of the difficulty for their ignition. For YC-1, blends 60% and below
showed similar flame length and ignition points to that of PCI coal. In contrast, increasing the

amount of YC-2 will drastically increase the ignition distance/time after 40% and increase the
flame length.
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Figure 7.3 Effect of blend ratio on flame structure for YC-1 (top) and YC-2 (bottom).

Figure 7.4 further quantifies the ignition time as a function of Yallourn char blending ratio.
Clearly, the ignition delay for blending YC-1 with PCI coal is less obvious. The use of up to
40 wt% YC-1 char resulted in the same ignition time with the pure PCI coal. Such an
observation is in line with the TGA results (in Figure 7.1) using a very slow heating rate. On
the other hand, the use of maximum 20 wt% is only allowed for the YC-2 char, otherwise the

ignition would be delayed considerably. As was done previously for ignition temperature in
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TGA, the relationship between ignition delay and volatile content is illustrated in Figure 7.5.
Similarly, ignition delay will decrease with volatile content, although this relationship is not
linear for blends. Moreover, by comparing Figure 7.2 and Figure 7.5, one can see that the
discrepancy between the curves for the two chars in FFBR is rather narrow and their error bars
even overlap one another. This is an indicator of the strong influence of particle heating rate
on its ignition. Upon a very fast heating rate in the FFBR, the heterogeneous ignition could
occur once the char particles are injected into the hot gas stream. This is evident by the
appearance of individual sparkling spots near the burner base in Figure 7.3. In other words, the
influence of carbonaceous structure on the coal-char blend ignition should be marginal in an
industrial blast furnace. At least, its influence is less significant than the particle heating rate.
In addition, from Figure 7.5 it can be seen that 14 wt% is the minimum volatile content in the
char-coal blend, causing little change on the ignition time compared to the pure PCI coal. Such
a volatile content corresponds to maximum ~40 wt% of Yallourn char to be mixed with the
PCI coal.
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Figure 7.4 Ignition time for char blends as measured in the flat flame burner.
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Figure 7.5 Effect of volatile matter content on ignition delay in the flat flame burner.

7.3.2 DTF experiment results

Figure 7.6 shows the burnout results for YC-1 char blended with PCI coal at six ratios, in
different O2/C ratios, 1000°C and a gas residence time of 1.4 s. As can be seen, although the
blending of 20 wt% Y C-1 lowered the burnout irrespective of the O2/C ratio, the blending ratio
of 80 wt% YC-2 char clearly gave the best burnout at every O»/C ratio. Such a finding is
apparently contradictory to the ignition results discussed above. One probable reason is the
large experimental error related to particle feeding in the DTF system. The YC-1 char was

found strongly sticky and electrostatic, which largely slowed down its feeding rate.
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Figure 7.6 Burnout in the drop tube furnace for different blends for YC-1

The results for YC-2 char — coal blends in Figure 7.7 are much more reasonable, showing a
clearer trend for the burnout versus O»/C ratio, furnace temperature and char blending ratio as
well. This is because the feeding problem does not exist for the YC-2 char, as observed during
the experiments. Except 800°C, the blending ratio of YC-2 char is clearly less significant. At
each temperature, The O/C ratio-dependence trends for different blends overlap significantly.
Back to the previous conclusion for a maximum 40 wt% allowable blending ratio for YC-2
char in terms of ignition, it is apparent that the later char oxidation step for the blend
combustion, irrespective of the char blending ratio was occurring faster than the single PCI
coal char. One reason could still be the inter-particle heat feedback between char and PCI coal
particles. The fast ignition of PCI volatiles induced the heat-up and heterogeneous
ignition/oxidation of char, which in turn released more heat (due to its larger calorific value)
to accelerate the oxidation of PCI char. For these two temperatures, increasing the O2/C molar
ratio above 1.2 is clearly beneficial in promoting the burnout close to completion. Regarding
the lowest temperature examined here, 800°C, the combustion rate, irrespective of blending
ratio is very low, thereby requiring an O2/C ratio above 1.6 to achieve a close-to-completion
burnout. Interestingly, the 20 wt% ratio for Y C-2 shows the least burnout even at an O/C ratio
as high as 1.6, whereas the use of 60 wt% Y C-2 char was even able to achieve a burnout close

to 95 wt% at the same O./C ratio. This indicates that the ignition delay is insignificant in
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affecting the final burnout rate for the coal-char blends. One reason could be due to the

relatively long residence time (1.4 s) used here.
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Figure 7.7 Burnout in the drop tube furnace for different blends for YC-2

7.3.3 CFD modelling prediction
7.3.3.1 Influences of O2/C ratio, blending ratio and furnace temperature

Since the experimental conditions in the DTF are difficult to control, and in most cases,
changing only one variable was unavailable for the DTF system. For instance, the calibration
curve between coal feeding rate and the voltage for the piezoelectric feeder varies broadly for
different blends, and hence, the influence of individual parameters is difficult to be assessed.
In this sense, CFD modelling has been conducted to manipulate the experimental conditions so
as to assess the influence of individual variables. The use of this model was validated by
comparison of burnout and exit O.% in flue gas with the respective values predicted by the
CFD model. Figure 7.8 shows a reasonable agreement between these values given the variable
nature of the DTF.
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Figure 7.8 Experimental validation by comparing DTF experiment burnout and O outlet
concentration with CFD prediction

Figure 7.9 shows the effect of temperature on burnout for both Yallourn char samples at three
O./C ratios. At a lowest O/C ratio of 0.85 in which O is insufficient, YC-1 blends show more
comparable burnout for different blending ratios, especially at the temperatures of 900°C and
above. At 800°C, the burnout was slightly decreased from the blending ratio of 40 wt% for YC-
1. In combination with the ignition results, it is evident that the overall burnout was slightly
negated by the initial ignition delay. But such a delay is trivial and even negligible, which
indicates the comparable/similar reaction rate for YC-1 char with the PCI coal at such a low
furnace temperature. Consequently, these two fuels burnt rather concurrently in the furnace.
Upon increasing the furnace temperature to 900°C and 1000°C that is identical with the FFBR
temperature, the initial ignition delay, as observed in Figures 1-5 was non-influential in the
final burnout rate. Again, this should be due to the inter-particle heat feedback that accelerated
the YC-1 char ignition and oxidation rate. In other words, the heterogeneous oxidation of char
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YC-1 should overlap greatly with the initial ignition stage, rather than in a consecutive mode.
In contrast, the results observed for the YC-2 char showed a stronger dependence of burnout
on the blending ratio at 800°C and even 900°C. This further supports a lower reactivity for YC-
2 char than the PCI coal. Therefore, blending YC-2 char into the PCI coal provided a heat sink
effect on the ignition and burnout. A maximum blending ratio of 20 wt% was further confirmed

for the YC-2 char at 800°C, which is consistent with the ignition results discussed above.
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Figure 7.9 Effect of blend ratio and temperature on burnout at three O/C ratios for YC-1 (left)
and YC-2 (right)

The results observed at a stoichiometric O2/C molar ratio of 1.0 show a similar trend for both
chars with their respective results at the lowest O./C molar ratio of 0.85. The effect of blending

ratio is much weaker for YC-1 char, even at 800°C. This further substantiates a strong
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overlapping between different steps for the combustion of YC-1 char and PCI coal blends,
particularly at the temperatures from 900°C onwards. In contrast, the different steps took place
rather consecutively at 800°C. This is particularly the case for YC-2 char which has a slower
ignition, and also a lower reactivity. Therefore, its heat sink effect is stronger. The 800°C

results for YC-2 char blends are rather linear versus the blending ratio.

Increasing the O,/C ratio to 1.2 closed the discrepancy in the burnout between blends and pure
PCI coal from 900°C and above for YC-1 char, and 1000°C and above for YC-2 char. At
800°C, the burnout of the blends still depended on the blending ratio, even for YC-1 char. This
is due to the reaction control for the combustion at such a low temperature. The inherent
reactivity (or the nature) of the fuel is more important than the O partial pressure in the furnace.
Upon the increase in the furnace temperature, the overall burnout gradually moves to the
diffusion control regime, therefore, the nature of the blends is insignificant. In other words,
using a higher O./C ratio for oxygen-enriched combustion and a blast temperature above
1000°C can eliminate the dependence of the overall burnout on the char blending ratio.

7.3.3.2 Influence of gas residence time

Since the residence time in a blast furnace is very short, effort was further made by evaluating
the burnout at a shorter residence time in the DTF, 0.8 s. The results are shown in Figure 7.10
for three O2/C molar ratios for two chars at varying blending ratios. For comparison, the
respective results for the residence time 1.4 s were also included here. With respect to YC-1
char at the lowest O/C ratio 0.85, its results observed at 0.8 s are very similar with the longer
residence time 1.4 s, except a clearer decrease on the overall burnout upon increasing the char
blending ratio at 1000°C. The decrease on the burnout is more obvious upon the blending of
YC-2 at 1000°C and 0.8 s. Such a descending trend also reflects the ignition results observed
in Figures 1-5, further proving our previously mentioned hypothesis that the ignition delay
mainly exerted its effect on the initial stage, whereas the later char oxidation stage was
accelerated upon the blending of char and PCI coal. For the YC-2 char, its negative effect on
the overall burnout is even discernible at 1200°C in 0.8 s. This substantiates the strong heat
sink impact of YC-2 char which has a much lower reactivity and thus failed to synchronise

with PCI coal in terms of combustion.
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Figure 7.10 Effect of blend ratio and residence time on burnout at three oxygen to carbon ratios
for YC-1 (left) and YC-2 (right)

The similar phenomena were observed for the two chars at the stoichiometric O2/C ratio of 1.0.
In particular, the use of a furnace temperature of 1200°C is essential to eliminate the negative
heat sink effect of YC-2 char at a short residence time of 0.8 s. Such a conclusion is further

strengthened at the excessive O,/C molar ratio of 1.2.

7.3.3.3 Particle temperature profile

The temperature contours in Figure 7.11 show how the temperature shifts along the reactor
from the injection point as blend ratio increases for both YC-1 and Y C-2 for a fixed condition,
furnace temperature of 1000°C and O2/C 1.0. The heat sink effect of YC-1 char, although it is

not very strong, is still influential at the initial particle heat-up and volatile ignition stage. That
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is, upon the blending of char, the total volatile concentration will be lower. Consequently, the
particles remain hot and glowing, whereas their ignition was delayed. This is supported by the
ignition flame in Figure 7.3 and a gradual decrease on the ignition position in the CFD
temperature contour in Figure 7.11. The similar results were predicted for the YC-2 char. Its
dilution effect (for heat sink) is more obvious, leading to a greater decrease on the flame front
position and the intensity of flame as well. Also, similar to the ignition results in Figure 7.3,
for both char blends the delay in the flame position shifts gradually with increasing char content

at low blend ratios, while having a more noticeable delay in ignition above a 60% blend.
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Figure 7.12 further illustrates the average temperature for each distance away from the injector
of the reactor for YC-1 and YC-2 char under the same condition. For either YC-1 or YC-2 char,
increasing its blending ratio leads to a gradual decrease in the particle temperature before 0.15
m, which refers to the particle heat-up and ignition stage. The peak temperature was decreased
considerably at the distance of 0.15-0.2 m for the flame propagation regime. All the blends
with YC-1 char produced a marginal drop within 20°C, while for YC-2 increasing to only a
60% blending ratio will decrease the temperature by the same amount. Such a temperature gap
should be mainly caused by the heat sink effect of YC-2 char which is difficult to ignite and
burn. Above an 80% blend for YC-2, a slight increase in peak temperature since the char will
combust in the same location further from the injector than for PCI coal. The distance to the
peak temperature confirms a rather close relationship for all the YC-1 blends varying only 0.04
m between pure PCI coal and pure YC-1 (denoting the heterogeneous char oxidation stage)
onwards. This is a strong evidence of the comparable reactivity of PCI char and YC-1 char and
their concurrent oxidation. On the contrary, the peak gas temperature varies broadly with the
YC-2 blending ratio extending the distance to the peak temperature by 0.06 m, further
indicating its strong dilution and heat sink effect. This further suggests that optimizing the
brown coal pyrolysis conditions is critical in maximizing the blending performance of the

resultant char under the blast furnace combustion conditions.
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Figure 7.12 Effect of blend ratio on gas temperature profile for YC-1 (top) and YC-2
(bottom) blends at 1000°C and O,/C ratio 1.0

7.4 Conclusions

Through the joint efforts on experimental investigation and CFD modelling, the combustion
performance of two Yallourn char, produced under different pyrolysis conditions have been
evaluated by blending it with a commercial PCI under different ratios. The influences of
furnace temperature and O2/C molar ratio were also assessed. The ignition of char — coal blends
at both slow and fast heating rates were also diagnosed. The major conclusions can be drawn

as follows:
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1)

2)

3)

4)

According to particle ignition time, a maximum 40 wt% is allowable for YC-1 char which
is comparably reactive with the commercial PCI coal. However, a maximum 20 wt% is
only allowed for YC-2 which is less reactive. The negative heat sink effect of YC-2 char is
influential, whereas the heterogeneous ignition of YC -1 overlapped considerably with the

ignition of PCI coal which is mainly in the homogeneous gas phase.

Consistent with the burnout rate observed by DTF experiments and CFD modelling, the
later char oxidation rate was accelerated greatly for the PCI coal blended with YC-1,
irrespective of its blending ratio. In contrast, the heat sink effect is further obvious for the
YC-2, the increase on the blending ratio of which greatly decreased the overall burnout
rate, especially at low furnace temperatures (800°C and 900°C) and a shorter residence

time such as 0.8 s.

For YC-1 char, its blending ratio is insignificant in the overall burnout. Increasing the
furnace temperature to 1000°C and the O»/C ratio of 1.2 can assist in achieving a nearly
complete burnout for all of its blends, even at a short residence time of 0.8 s. In contrast,
for YC-2 char, a furnace temperature of 1200°C and O2/C ratio of 1.2 are essential to

complete the burnout of all its blends.

The Yallourn pyrolysis conditions for the preparation of its char is critical. A good
synergistic interaction between Yallourn char and commercial PCI in terms of reactivity is

also essential for a broad blending ratio to be used in the blast furnace.
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In Chapters 6 and 7, two industrially produced chars were evaluated for their application to
PCI combustion. The studies concluded that the blending of brown coal char should be
explored as a substitute for PCI coal either is a complete replacement or a blend. Compared to
air-fire combustion in a power plant, the gas concentration is markedly different. In this
chapter, combustion in these gasses will be investigated and the differences between brown

coal char and bituminous coal combustion will be highlighted.
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Abstract
This paper aims to clarify the extent to which char gasification reactions contribute in the

overall char conversion of low rank coal under the high CO2 or H.O conditions. At lower
temperatures, many studies on bituminous coal have found gasification reactions to be
negligible on the overall char conversion, though for low rank coal a higher gasification rate is
expected. While the kinetic rate of reaction may be much smaller for the char-CO- reaction
compared to char oxidation, the elevated levels of CO> in oxy-fuel or oxygen enrichment in
PCI combustion and may affect the conversion rate. In wet flue gas recycle, a large amount of
steam may accumulate, especially for coals with higher moisture content such as Victorian
brown coal. This will convert char in the form of the char-H20O gasification reaction. The degree
of char conversion and rate of char reactions which affect particle temperature as well as the
surrounding gas environment. This investigation uses a drop tube furnace with a unique
preheating system that preheats a secondary stream of gas to 1000°C. Subsequent CFD
modelling, combined with TGA Kkinetics study was used to evaluate the effect of the
gasification reactions in more detail. Oxygen concentration is varied between 5-12%, while the
diluent gas is made up of 0-40%H>O with the remainder N2 or CO». Experimental results
indicate that Victorian brown coal has high gasification reactivity which will significantly
lower particle temperature by up to 106 K. Overall burnout under oxygen deficient conditions
could be increased by up to 5% and burnout rate could be increased by as much as 25%. Overall

reaction contribution could be as high as 28.8% for VBC char during complete char burnout.
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8.1 Introduction

Brown coal combustion is the most carbon intensive of common resources 1. Several studies
deemed oxy-fuel technology to be the most favourable in terms of CO, abatement due to its
technological and economic feasibility 2 2. In air-fired combustion, N2 which makes up the
majority of the combustion gasses is relatively inert, whereas for oxy-fuel combustion, the rate
of char burnout and atmosphere on the particle surface may be affected by the high
concentration of CO,, as well as the presence of steam if the flue gas is recycled before
condensing (wet recycle). The nature of pulverised coal injection (PCI) combustion in the blast
furnace combustion where the O,/C ratio is close to 1.0, also promotes a similar environment
where the particle will be surrounded by a high CO> atmosphere before combustion is complete
and relies on the CO gasification to complete its burnout. This is especially true for the case
of oxygen enrichment, where up to 40% of the inlet gas is O2 which will greatly increase the

concentration of CO; in the furnace.

The effect of the altered gas environment is multifaceted due to the intricate relationships of
the many aspects altered from air-fired combustion. These include changes to gas density, heat
capacity, radiation absorption, char-gasification reactions and diffusion of reactants to the char
particle surface. Due to the complex relationship between these variables, it can be difficult to
predict changes to furnace parameters including retrofitting to oxy-firing or how changes to a
different coal rank will alter char burnout, local gas environment and particle temperature. For
example, gasification reactions will occur more readily in the presence of high concentrations
of CO: and steam. Due to the high activation energy, these reactions will become more
influential at higher temperatures, however because of the endothermic nature of these
reactions, particle temperature will be reduced as gasification rate increases. Although these
reactions will complement the char consumption by O, the reduction in particle temperature

could potentially lower the overall char burnout rate.

Carbon content in the parent coal is a large factor in the reactivity of chars in gasification
environments. Generally, char reactivity will decrease with parent coal rank 4, however other
factors are also important such as the amount of oxygen-containing surface groups and
exchangeable cations such as Ca and Na °. While these reactions will contribute towards char
conversion, they are endothermic so will reduce the char particle temperature. Due to the higher

reactivity, this effect is expected to be greater with brown coal.
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There have been several studies examining the contribution of gasification reactions for
bituminous coal %8, Chen et al. estimated this contribution using a simplified multiple surface
reaction model ©. This model assumes a particle size of 80 um and considers kinetic reaction
rates for char oxidation and gasification reactions as well as diffusion. The study finds an
increase in gasification contribution with temperature and an inverse relationship with oxygen
concentration. At a particle temperature of 1600 K, gasification reactions contributed 2% or
8%, for oxygen rich and deficient cases respectively and these increased to 3% and 21% at
1800 K. Hecht et al. investigated the contribution under wet and dry recycle conditions at
various oxygen concentrations for a 100 um bituminous char particle using Surface Kinetics
in Porous Particles (SKIPPY) code 8. With 12% oxygen which produced a particle temperature
of 1800 K, gasification reactions contributed 19.8% of the char consumption rate. With
increasing oxygen concentration, this contribution increased due to the higher particle
temperature. Also when steam concentration was increased, the contribution by steam
increased while the CO> contribution fell producing a slightly higher overall gasification

contribution.

Table 8.1 summarises the modelling studies that assess the contribution of gasification
reactions during O2/CO2 combustion. Despite these studies, the majority of studies have
concentrated on higher rank coals with a high oxygen content and high furnace/gas
temperatures for raw coals. Models have focused on steady state single particles or steady state
gas conditions rather than a time dependent environment. All these differ from this study
focusing on mild combustion environment and low-rank coal char with a volatile content down
to 6 wt%.
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Table 8.1 Summary of completed studies on contribution of gasification reactions during high CO2/H20 conditions

Aim of study Finding Model Coal type Parameters Ref.
Assess impact of gasification 10% increase in char SKIPPY Sub- 3 02, 2 % steam Hecht et
reactions on the oxy-fuel consumption rate. bituminous Balance gas COg, al. ®
combustion of coal char Gasification contribution up char Fixed Tg: 1690 K

t0 31.8% at T, = 2300 K
Assess the contribution of the Higher gasification Multi-surface Kinetics from | Oz: rich and deficient | Chen et
gasification reactions to the total | contribution when O is reaction model graphite Balance gas N, /CO, | al. ®
carbon consumption deficient. gasification Tp: 900-2000 K
Contribution to Char Burnout Slight contribution of Spherical particle Bituminous Tp: 1600 K Stanmore
from Gasification by H>O and gasification reactions to model coal 6% Oz, 6% H20 etal.’
CO2 burnout
To validate a CFD model for use | Lower peak particle Multi-surface Victorian Tw: 1000°C Zhang et
with air and oxyfuel combustion | temperature in oxyfuel reaction brown coal Air, 21% O,/ COs, al. ®

combustion caused by model with CFD 27% 0,/CO>

gasification reactions
Assess contribution of Contribution of internal 1-D transient Wet and dry Tw: 1100°C Prationo
gasification to char burnout of moisture to gasification. O model Victorian 21%/31% O2, 18% etal. 1
wet brown coal increased gasification brown coal H20 balance COa.

contribution.
Measure the effect of CO> Burnout improved and Single film model | Sub- Tg: 1600 K Kim et al.
gasification on char combustion | particle temperature reduced bituminous 5,21,30% O> 1
in oxy-fuel conditions by gasification coal Air/Oxyfuel
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In this study, char derived the pyrolysis of two low rank coals, Victorian brown coal and
Xinjiang coal were studied in a drop tube furnace that features a unique gas pre-heating system
(up to 1000°C). Computational fluid dynamics (CFD) software was used to assess differences
in burnout Kinetics, temperatures and gas concentrations utilising kinetic data collected from
thermogravimetry-differential thermal analysis (TG-DTA) as parameters for the multiple
surface reaction model and incorporating a recently developed weighted-sum of grey gas model
(WSGGM) for gaseous radiation absorption. Comparison was also made between char and its
parent raw coal on particle temperature and gasification contribution. By these efforts, we aim
to clarify the gasification reaction contribution for low-rank coal char burnout under high
CO2/H20 conditions, and therefore, improve the deployment of this advanced low-emission

combustion technology for low-rank coal.

8.2 Experimental

8.2.1 Char properties

The chars used were derived from Victorian brown coal and Xinjiang coal. Victorian brown
coal (VBC) is sourced from Loy Yang, Victoria, Australia. Xinjiang coal (XJC) is a sub-
bituminous coal from Xinjiang, China. The chars were generated in a drop tube furnace at 1000
°C with a short particle residence time of 0.7 s. VBC char and XJC char have high
concentrations of Na, Fe and Mg (Table 8.2). While XJC char also has high amounts very high
concentration of Ca, making up 1.74% of the total weight of the char. Metals that promote the
gasification reactivity of the char include Ca 2, Fe 13 and Na 4. The proximate and ultimate
analysis is shown in Table 8.3. Although the parent coals are of different ranks; the chars show

very similar properties.

Table 8.2 Elemental analysis of metals in VBC char and XJC char

Concentration (ppm)
Element | VBC char XJC char
Al 6506 2105
Ca 805 17361
Fe 1166 2676
K 101 199
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Mg 1175 2632
Na 2030 1856

Table 8.3 Proximate and ultimate analysis of VBC char and XJC char

Proximate Analysis (wt %) VBC char XJC char

Moisture ar 3.2 1.7
Volatile Matter gn 6.2 6.3
Fixed Carbon g 87.8 87.3
Ash gb 6.0 6.4
Ultimate Analysis (wt %, db)

Carbon 88.9 87.7
Hydrogen 1.1 1.0
Oxygen 3.05 3.72
Nitrogen 0.72 0.69
Sulphur 0.23 0.49

8.2.2 Kinetics

For char-O. and char-CO,, kinetic parameters were determined using a simultaneous
thermogravimetry/differential thermal analyser (Shimadzu DTG-60) and the method proposed

by Kissinger for differential thermal analysis *°, based on the variation of the temperature at
B

2
Tmax

1

which the maximum rate occurs with heating rate. By plotting ln( ) against ,a linear

max

fit can be obtained to determine the pre-exponential factor and activation energy shown in
Table 8.4. This method advantages because of the use of multiple heating rates and multiple

sampling, so that the overall result is more representative of the entire sample.
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Table 8.4 Kinetic parameters for char-O2 and char-CO> reaction as determined by Kissinger

method
Reaction VBC char XJC char
A (kg/m?.s.Pa) Ea (kd/mol) A (kg/m?.s.Pa) Ea (kJ/mol)
C-O2 0.0121 97.63 0.00591 92.52
C-CO2 810.4 287.5 4.492 219.6

For steam gasification a quartz thermogravimetric analyser was used. Due to the nature of
quartz the sample can only be heated to 1000°C and to prevent condensation in the reactor, a
steam concentration of 5-20% is used. This prevents the gasification reaction from reaching its
maximum rate at higher heating rates; therefore, the Kissinger-Akahira-Sunose (KAS) method

(described below) will be used instead of the Kissinger method.

Reaction order is determined by analysing the reaction at a single heating rate with steam
concentrations of 5, 10, and 20%. For both char samples, the reaction order conforms to a single
value as the temperature approaches 1000 °C. Since char is relatively unreactive with steam at
low temperatures, the converged value will be used for the reaction order. The reaction orders
were determined to be 0.68 and 0.44 for VBC and XJC char respectively. This falls within the

range of 0.4 to 0.72 found in various studies examining char-steam gasification reaction order
16-18

The results are summarised in Table 8.5 and indicate the both VBC and XJC char are both
relatively reactive compared to bituminous coal kinetic parameters reported in literature °,

however they are within range of brown coal reactivity values %°.
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Table 8.5 Kinetic parameters for steam gasification of VBC char and XJC char.

Char Pre- Pre-exponential | Activation Rate at 1273
name exponential constant energy K (s1) 0.05
constant (s*) | (kg/m?.s.Pa") (kd/mol) atm steam
VBC char | 9.129E+04 2.467 172.48 7.63E-03
XJC char | 7.367E+04 15.42 165.90 1.15E-02

8.2.3 Drop tube furnace (DTF) experiments

The generation of the char as well as the experiments on char conversion are conducted in a 2
m high drop tube furnace (DTF). More detail about this furnace including a schematic can be
found in previous works 2%. The furnace wall temperature is set to 1000 °C, although flame
temperatures are expected to exceed this. This set wall temperature is applied to induce the
flame temperature that can be expected during brown coal combustion. Compared to
bituminous coal combustion the flame temperature may be several hundred degrees lower 2.
One CFD study of an industrial scale boiler reported flame temperatures in the range 910-
1430°C %2,

The approximate residence time of a particle in the reactor is approximately 2.1 s. Unburned
char particles were collected in a flask and a silica microfiber thimble filter. Oxygen is fixed at
5% vlv of the total gas flow rate to ensure an O/C ratio of 0.58 to necessitate only a partial
conversion of carbon in order to better compare differences in burnout between gas conditions.
12% O2 (O2/C ratio: 1.39) was also used to test the complete burnout of char where the
calculated unreacted O should be similar to that of coal fired boiler (3.4% O>).

8.2.4 CFD model

The geometry and mesh for the drop tube furnace was taken from a previous study of the same
reactor °. The mesh is made up of 231 000 cells and was validated experimentally and in a grid
independence test. Turbulence is modelled using the k- model which has shown sufficient
accuracy in modelling combusting flows 23, Radiation in pulverized coal applications is often

modelled by either the discrete ordinates (DO) or P1 model 2*. In this case the DO method was
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chosen due to suitability for all optical thicknesses and level of accuracy. Gaseous radiative
properties are calculated using a refined weighted sum of grey gases model (WSGGM) which
was implemented into FLUENT via a user defined function (UDF) from the work of Yin et al.
for O2/N2 2° and O,/CO- conditions . For air-fired combustion, the Westbrook and Dryer
mechanism is used to describe the oxidation of carbon monoxide 2/, while for 0O,/CO>
combustion a refined version of the Westbrook and Dryer mechanism is used which has been
refined for O2/CO; conditions 28, The refined model includes the reverse reaction of the carbon
monoxide oxidation and will better predict major species concentrations. Hydrogen oxidation
is also included for both O2/N2 and O2/CO- conditions. A multiple surface reaction model is
utilized to consider char reactions with Oz, CO; and H20, which uses harmonic weighting
averaging between diffusion and kinetic rates. Intrinsic kinetic parameters were taken from
experiments described in section 8.2.2. Mass diffusion-limited constant values are taken from

literature .

8.3 Results and Discussion

8.3.1 Experimental results and validation of CFD model

Drop tube furnace (DTF) experiments were undertaken to analyse the effect of steam
concentration, balance gas (N2 and CO2) and particle residence time on the overall char
conversion, as well as to validate the CFD model. Experimental results in Figure 8.1 show the
minimal effect steam has on the overall char conversion. As expected, char conversion
increases with residence time. Most of the char is converted within the first 1.4 seconds,
following this, char conversion will peak at 2.7 seconds when all the oxygen is consumed.

196



Chapter 8 Contribution of Char-CO» and Char-steam gasification reactions for combustion of
Victorian brown coal char

80
—=—VBCN,
<751 [ —4—VBC CO,
< ] .y | —e-XICN,
I
E) 704 ’/Jg i —v—XJC CO,
7 I
S BT
C 65
@]
Q 4
S 60 I
(@] i
55 - *
T T T T T
0 5 10
Steam concentration (%)
%6 — 7 " VBCN,
] f —A—VBC CO,
] —e— XJCN,

Char conversion (%)
P S ) B2 B ) B 6 BN« B @) B o))
o O N M OO OO ODN M
| I I PR ST IR T 1

N\

1.2 ' 1!4 ' 1!6 ' 1!8 ' 2!0 ' 2!2 ' 2!4 ' 2!6 ' 2!8 '
Particle residence time (s)

Figure 8.1 Drop tube furnace results showing effect of steam concentration and particle
residence time on char conversion with CFD results for comparison (open symbols) for VBC

and XJC char with 5% O».

Figure 8.2a shows validation of the CFD model using experiments Datong coal combustion
where particle temperature was measured using a 2-colour pyrometer described in previous
works 2°. Next, the char conversion predicted by the CFD model and compared against the
experimental results (Figure 8.2b). Both tests show a reasonable prediction which verifies that
the model can be used satisfactorily and extrapolated to different conditions. A grid
independence study and particle temperature validation were conducted for a previous study
with the same mesh and drop tube furnace °.
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Figure 8.2 Experimental validation of CFD model using a) particle temperature
measurements with Datong black coal combustion in air at 2000°C and b) VBC and XJC char

conversion with balance gas N2 and CO..

It was also of interest to determine that the char would be completely burnt out in an
environment of 12% O for cases with both N2 and CO.. This was tested by replicating these

conditions in the drop tube furnace, followed by ashing of the remains at 600°C for 3 hours.
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The burnout can then be calculated by an ash tracer method. The burnout was determined to be
99.9+0.1% for each case tested with 12% O, further validating the CFD model.

8.3.2 Contribution of gasification reactions

Figure 8.3a shows the contribution of the char gasification reactions on the overall char
conversion under O2/N2 and O/CO: conditions for VBC char. Gasification reactions are most
significant under oxygen deficient conditions, accounting for up to 28.8% of the total char
conversion when 40% steam is combined with CO2 or 23.7% in the absence of CO; since
oxygen will be deleted quickly by char oxidation and oxidation of gasification products. In
comparison, XJC char, shown in Figure 8.3b, is more reactive overall in the presence of COo,
rising to a 39% contribution, 11% higher than the maximum contribution of VBC char.
However, XJC char is more sensitive to the reduction in gasification contribution through
addition of O, showing a contribution barely above that for VBC char once sufficient O is

supplied.
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Figure 8.3 Contribution of gasification reactions to char conversion at Tw=1000°C with

balance gas CO, for a) VBC char and b) XJC char.

Figure 8.4 demonstrates how the gasification reactions will compete with increasing steam
concentration. While steam replaces CO>, the overall contribution will increase since this char
is more reactive with steam than CO». These contributions are lowered to a maximum of 15%
and 22% for balance gasses N2 and CO; respectively when sufficient oxygen is supplied.
However, due to the increased particle temperature at high oxygen concentrations and the high

activation energy of the gasification reactions, the absolute rate of gasification reactions will
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increase with Oz concentration. In O2/N2 conditions, at higher steam concentrations, the
contribution of gasification reactions increases when Oz concentrations are greater than 10%.
Compared to a study on gasification reaction contribution to a bituminous coal °, these results
show a much greater gasification reactivity, even at the lower temperature employed here,
which is to be expected based on the coal rank.

+Char-COZ
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—4—Total gasification

28%
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—24% -
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Gasification contribution
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Figure 8.4 Competition of char-CO and char-steam gasification reactions for 12% O (O./C
ratio: 1.39) for VBC char (--) and XJC char (---).

The high activation energy of the char-CO> and char-H»O reactions will cause these reactions
to become much more significant at higher temperatures as shown in Figure 8.5. In O deficient
cases (where Oz is limited to 5%), this rise in temperature will produce a much greater increase
in the contribution of gasification reactions compared to cases where sufficient O is supplied
(12% O) as in later stages these reactions become more significant. This can be up to 20%
higher in cases with N2 or 35% higher when CO: is the balance gas. While adding steam to
cases with N2 will increase the contribution of gasification reactions, this affect is even less

significant under CO. and will lead to the contribution reaching a plateau or even decreasing
slightly.
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Figure 8.5 Dependence of wall temperature to the contribution of gasification reactions to

total char conversion in a) N2 and b) CO: for VBC char.

As a function of distance from the injection point, Figure 8.6 shows that the instantaneous
gasification rate along the centreline of the furnace. For 12% O with balance N the
gasification rate peaks at 2.7 mol/m®.s. For this condition the overall gasification contribution
for gasification reactions for with balance gas N2 is only 6.3%, however the contribution of
gasification reactions along the centreline of the reactor peaks at 49.8% which occurs when O2
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is mostly depleted in that region, CO> product concentration is built up and gas temperature is
still high. As expected this peak is delayed compared to those with balance gas CO- since CO>
is already present in high concentrations. The gasification rate will increase to 16.2 mol/m3.s
when N is substituted with CO, and further increases to 16.9 mol/m3.s when 40% H.O is
added. The addition of 40% steam will increase the peak gasification contribution will increase

from 46.3% to 51.4% and the position of the peak will be closer to the injector.
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Figure 8.6 Contribution of gasification reactions as a function of distance from injection point
at Tw=1000°C and 12% O (O/C ratio: 1.39) for VBC char.

A previous study compared the contribution of the gasification reaction for brown coal under
02/N; and O2/CO; conditions ° which was reproduced in Figure 8.7. Compared to this study
peak gasification contributions are higher, although a lower oxygen fraction is used in this
study. The lower gasification contribution for raw coal should mainly be due to the shielding
effect of volatile clouds that prevent separate solid char particles from getting in touch with
bulk gases *. The volatile-char interaction has been reported to be major resistance retarding
the char gasification rate.
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Figure 8.7 Comparison of C-CO gasification contribution for VBC char compared to VBC
coal from another study °.

At a fixed O concentration of 5% it can be compared how CO; and steam will affect the overall
conversion of char. Figure 8.8 shows that the transition from balance gas N> to CO, burnout
can increase by as much as 1.6% for VBC char or 6.0% for XJC char. For VBC char, increasing
steam up to 7.5% will show an insignificant effect on the overall char conversion. Above this,
char conversion will firstly rise sharply then increase steadily since char is more reactive in
H2>0 compared to the CO: it is displacing. Increasing steam up to 40% can raise the overall
conversion by 4.1%.
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Figure 8.8 Effect of CO2 environment on overall char conversion for cases with 5% O> (O./C
ratio: 0.58) at Tw=1000°C for a) VBC and b) XJC char.

Figure 8.9 shows how the change from balance gas N2 to CO2 will affect the overall burnout
rate. For both 5% and 12% O, the peak burnout of the char will occur at a shorter distance to
the reactor. The height of this peak is larger under the 5% O> condition where O is depleted,
however for 12% O the peak is the same height of 5.5 mol/m3.s for all conditions. Addition of
steam marginally decreases the delay before the maximum carbon consumption rate is
achieved, however peak rate is unaffected.
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Figure 8.9 Effect of O2/CO. environment on total carbon burnout rate for VBC char at
Tw=1000°C for a) 5% O, (O2/C ratio: 0.58) and b) 12% O (O/C ratio: 1.39).

8.3.3 Implications
8.3.3.1 CFD prediction of particle temperature

Due to the increased radiative heat transfer, particles will initially be heated faster in CO>
conditions and reach peak temperature in a faster time as shown in Figure 8.10, while the flame
is less intense overall. However the peak particle temperature at 5% O is only 1125 K, lower
than 1195 K when Nz is the balance gas. Again, this is due to the higher heat capacity of CO-
but also the endothermic nature of the CO> gasification reaction. Figure 8.10b shows that at a
higher oxygen concentration, steam combined with CO> can increase the peak particle
temperature compared to that of CO2 only. This is because the heat of reaction is lower for C-
H20 (131.4 kJ/mol) compared to C-CO- gasification (173.0 kJ/mol).
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Figure 8.10 Particle temperature for Tw=1000°C for a) 5% O (O./C ratio: 0.58) and b) 12%
02 (O2/C ratio: 1.39).

Figure 8.11 demonstrates how particle temperature is affected by the increased reactivity VBC
char has compared to a higher rank coal. With kinetic parameters substituted with those for a
bituminous coal obtained from literature, it was found that a decrease in gasification reactivity
will increase particle temperature, from 1483 K to 1560 K. This is due to the endothermic

nature of the gasification reactions.
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Figure 8.11 Comparison in particle temperature between char with reactivity of VBC char

and bituminous coal char at Tw=1000°C and 12% O (O>/C ratio: 1.39).

8.3.3.2 CFD prediction of surface gas concentration

The Multiple Surface Reaction model in utilises a single-film model to model the combustion
process. A single spherical coal particle is surrounded by a boundary layer of the bulk gas.
Components of the bulk gas (02, CO2, H20) may diffuse across the boundary layer to the
particle surface. Using single-film assumption that gas-gas reactions only occur in the bulk gas,
concentrations of different gas components may be predicted on the particle surface. These
concentrations will be dependent on the rate of consumption and emission of the gasses at the
particle surface, as well as diffusion to and from the bulk gas.

Figure 8.12 demonstrates how the ratio of CO/CO: on the particle surface may be modified
between low-rank VBC-char and a bituminous coal char. CO/CO. ratio has been calculated
and utilised in several studies to predict vaporisation of metals % 3. On one hand, the
bituminous coal char will reach a higher peak particle temperature which will increase the rate
of the char reactions, creating a higher amount of CO. In contrast, low-rank coal will be more
reactive with H2O and CO., producing CO from these reactions. Initially it can be seen that
COI/CO: ratio is similar between the chars, however after the majority of oxygen has been
consumed by the particle, gasification reactions will become more influential leading to a
higher CO/CO:z ratio with low rank coal char.
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Figure 8.12 CO/CO2 ratio on particle surface in 12% O, 40% H20 environment with balance
gas COx.

8.4 Conclusions

The following conclusions can be drawn:

e Both low-rank coal chars have high reactivity and a rapid burnout rate even under the
low-oxygen O./CO2 combustion environment, suggestive of the suitability of this low-
emission technology for low-rank coal.

e Gasification reactions can make a large contribution (up to 29% for VBC char) to the
overall char conversion, especially in low oxygen environments and at higher
temperatures. They may increase the burnout rate and overall char burnout. Particle
reactivity can alter the gaseous environment on the particle surface due to the increased
production of CO from gasification reactions.

e Char particles in CO2 will experience a lower peak particle temperature compared to
N2, however particle temperature will initially be higher due to the higher radiative heat

transfer in CO».
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Chapter 9 Conclusions and Recommendations for Future Work

9.1 Conclusions and innovation of research

This thesis has for the first time presented a detailed study on the overall process of brown coal
upgrading and utilisation with the PCI process. Through pyrolysis, a higher value char product
was created that could meet the set requirements for a PCI fuel. This product could be used as

substitute for PCI coal as a complete replacement or as a blend.

9.1.1 Investigation on the pyrolysis of a briquette and 1-D modelling

Firstly, it was of interest to explore the impact of pyrolysis conditions on the generation of char
that has a large density and large size for long-distance transportation. Modifications were
made to the pyrolysis condition such as temperature, duration, heating rate and the raw coal
size and form (coal particles and pelletised coal). Efforts were made to clarify the optimum
conditions and mechanisms for the pyrolysis of coal pellet, which is expected to enhance the
strength and size of the char product. Heat transfer inside the coal pellet is the controlling factor
for the release of volatiles under the fast heating rate. Regarding the release of volatiles, it
follows a volumetric model limited by heat transfer. The pyrolysis process can be effectively
modelled by the CPD model which adequately described the structural changes in the char and
generation of char, tar and gas products. The structural changes were correlated with the radical
changes in the char.

9.1.2 Sensitivity of the briquette char properties on the pyrolysis condition

A maximum pyrolysis temperature of 800 °C and a holding time of 20 min at 800 °C is vital
for the pellet devolatilisation, generating a char that has an adequate heating value for use in
the PCI process. Compared to coal particles, the char product from coal pellets has a higher
density, which is more comparable to the bituminous coal. This implies a more dense energy
storage in the pellet char and better compatibility in terms of blending and feeding to the
furnace. Once the majority of volatile matter was eliminated from coal, there were minimal
changes to the coal mass and proximate properties. However, it was seen through further
analysis that true density continued to increase as the pyrolysis process progressed, and
reactivity was lowered. The combustion performance analysis showed a positive performance
of all chars generated from the pellet compared to PCI coal. It is important that oxidation
reactivity is maintained to benefit both ignition time and 50% burnout time.
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9.1.3 Combustibility of lignite char under simulated blast furnace conditions

The potential of using Yallourn brown coal char (collected from an industry-scale pyrolyser)
as a PCI fuel was investigated. Combustion performance was tested in the DTF as well as
through CFD modelling. A broad variation of properties with size was observed for Yallourn
char. A general trend was confirmed for fixed carbon content to increase with particle size
while volatile matter, moisture and ash all decreased with increasing char particle size.
Irrespective of the pyrolysis condition, Yallourn char is superior over bituminous coal for being
used as a top-grade PCI fuel, due to its higher calorific value, lower ash content, high ash
melting temperatures, and abundance of iron in the ash. For the Yallourn char produced at a
relatively short residence time, its volatile content of 5 — 17 wt% was sufficient for a rapid
ignition at approximately 460 °C, which is comparable with the commercial PCI coal with a
volatile content of 20 wt% and igniting at 451 °C. For a complete burnout, the Yallourn char
tested can achieve this under rather mild conditions including larger particle sizes (up to 300
um), 1000 °C furnace temperatures and a stoichiometric O2/C ratio, compared to the
bituminous coal requiring a very fine size (e.g. <106 pm), excessive oxygen and high
temperature (e.g. >1200 °C) for a complete burnout.

9.1.4 Combustibility of lignite char blended with PCI coal under simulated blast

furnace conditions

Although the Victorian brown coal showed reasonable performance under the simulated blast
furnace conditions, the blending of either of the two brown coal char products with a fuel
currently used in a commercial PCI process is a more realistic avenue for introduction of brown
coal char to this field. Blending of the more volatile bituminous coal with low-volatile char
was thus further conducted at four different ratios, 20 - 80% Yallourn char. A synergistic
relationship was found for ignition of blends in both TGA and FFB experiments, with ignition
points being lower than would be expected based on a weighted average of parent char ignition.
The higher volatile PCI coal will assist in ignition of the low volatile char. Flame structure was
found to be more stable for the PCI coal due to the heterogeneous ignition as a result of
increased volatiles, however blending at 40% Yallourn char and below was found to produce
a similar flame length and stability. According to the burnout rate observed by DTF
experiments and CFD modelling, the later char oxidation rate was accelerated greatly for the
PCI coal blended with the Yallourn char made under a shorter pyrolysis time, irrespective of

its blending ratio. In contrast, the heat sink effect is more obvious for the less reactive Yallourn
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char pyrolysed with a longer residence time, the increase on the blending ratio greatly
decreased the overall burnout rate, especially at low furnace temperatures (800 and 900 °C)

and a shorter residence time, such as 0.8 s.

9.1.5 Contribution of Char-CO2 and Char-steam gasification reactions for combustion

of Victorian brown coal char

Lastly, the reactivity of Victorian brown coal char under environments with CO> and steam
presence was studied. It was concluded that there exist relatively large impacts of this
environment for low-rank coal relative to bituminous coal or a combustion model that neglects
the CO- and steam gasification reactions of char. A lowered particle temperature compared to
bituminous coal due to the endothermic nature of the gasification reactions. While these
reactions lowered particle temperature and thus oxidation reaction rate, the added conversion
through the gasification enhanced the overall carbon conversion rate. Increased production of
the gasification reaction products, CO and H2 will lead to a greater reducing environment on
the particle surface. Such outcomes would also be beneficial in other applications such as PCI
combustion which relies on conversion of carbon to gasification products to assist in the

reduction of iron and to prevent blockages in pores caused by unburned particles.

9.2 Recommendations for future work

9.2.1 Further development of 1-D model

The 1-D model could effectively demonstrate the pyrolysis of a spherical particle or cylindrical
briquette. However, in an industrial scale furnace, the packing of particles or briquettes is going
to introduce three-dimensional effects to the process i.e. pellets or particles may be heated
mainly from one side more than the other. It is not known how much heat a pellet in the centre
of a fixed bed reactor will receive. Additionally, in a 1-D model, the gas phase reactions such
as tar reforming cannot be resolved. This could potentially be achieved by converting the model
to a 3-D CFD model. This would allow the model to be scaled up to larger dimensions.

9.2.2 Application of briquette derived char to larger scale PCI tests

Although, lab scale tests showed promising results for the brown coal char and its blends, it
needs to be demonstrated that the combustion performance will be as expected in a PCI rig.

This could include monitoring of flame structure and burnout.
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9.2.3 Costs analysis of char upgrading process

The scope of this study included the upgrading of raw brown coal to the higher value char
product and the evaluation of this char product. The hypothesis was that an upgraded char
product could replace the more expensive currently used PCI coal in the blast furnace.
However, it remains to be adequately proven that the brown coal can be upgraded with a cost
not exceeding the current cost of PCI coal. This could be achieved through an economic
analysis of the process including capital investment and operational costs using Aspen Plus

software.
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Table S1 Mineral concentrations in Yallourn char and PCI coal before and after washing

YC-1 YC-2 PCI coal

Major species | Before After Before After Before After
(%) washing washing washing washing washing washing
MgO 2.35 1.60 2.26 0.45 0.20 0.01
Al203 0.11 0.07 0.10 0.09 2.25 1.77
Si02 0.26 0.20 0.28 0.27 3.09 2.51
Fe203 3.54 1.64 2.15 0.50 0.82 0.46
Others 2.50 1.80 2.88 1.63 2.79 1.66
Total 8.76 5.31 7.68 2.94 9.15 6.42
inorganics (%)

Volatile fraction remaining

T T
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T
400

T
600

Temperature (°C)

T
800

Figure S1 Volatile mass loss curves for Yallourn coal under argon in TGA
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Figure S2 Kissinger plot for determination of pre-exponential constant and activation energy

of first-order volatile release

223



Appendix A

(@)

Intensity (a.u)

v —T T~ T T 1T T 1T T "~ T T T T "~ 1 T
6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
26(°)

LN DL L L L B | T T T 1T 17T 1T 717

Intensity (a.u)

L S L S A SR I SN S S L SR R
8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
20 ()

Figure S3 Fitting of y and (002) peaks in order to find the degree of aromaticity for (a) YC-1
and (b) YC-2 char
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Figure S4 Mass loss curves under an air atmosphere for Yallourn char and PCI coal in TGA
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Figure S5 Calculation of kinetic parameters using the direct Arrhenius model
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Figure S6 Char conversion for unwashed and washed Yallourn char in air using TGA at 50
°C/min
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In thiz paper we have examined the potential of Yallourn brown coal char (collected from an indu stry-scale
pyrohzer) to be used as a pulverized coal injection [ PCI) fuel, its size-de pende nt properties, ignitabil ity and com-
boestibility under the simulated conditions of the blowpi pe-tuyere section in a blast fumace. The combuestion of
individual sizes for ¥ allowm char was tested in alab-s@le drop-tube fumace [ DTF) using pre-heated hot ms
with a temperature wup to 1000 °C, and a particle residence time as short as 006 5. Comput ational fluid dynamics
['CFD) mosdel ling was furthe r conducted to optimize the char combustion conditi ons via sen € thity analysis. lme-
spective of the pymlysis condition, Yallowrn char is superior over bituminous coal for being used as a top grade
Pl fsel, due to its higher calorific valwe | 7500-8110 keal'kg), lower ash content =10 witk), high ash melting
temperatures (= 1550 "C), and abundance of iron =40 wi¥ in ash]. The performance of ¥ alloum char is alsosu-
perior over bituminous coal under the simulated blast furnace conditiens, for a rapid i gnition and bumout even
for a ooarse char size of 300 pm under the siichiometric 0y /0 molar ratio and wsing low blast temperatures of
BO0-1000 "C. All these are beneficial for reducing the energy consumption related to particle pubverizaton and
the amount of eorgen for the combustion. With regard to the Yalloum char ignition and combaustion in the hot
a5, a minimum & wi¥ volatile content is essential for a stable and rapid ignition of the wol atiles at a gas temper-
ature of 1000 C or below, since homogeneous ignition is predominant at low tempe ratures. However, ance the
bilast tempe rature rises to 12200 "C, the dependence on volatile content turns insignificant due to the dominance
ofthe heterogeneous ignition, high C-0; reactivity for the solid char, as well as the minimized pore diffision con-
trol due tothe large porosity [520-63.1% ) of the Yalloumn char tested hene.

2016 Hsevier BV. All rights reserved.

1. Introduction

hastened ignition [ 4], excessive amounts of volatiles may cause unstable
cambustion in the blowpipe and the degradation of coke [5] Addition-

With the depletion of the meserves for coking coal in the world, the
demand for the use of PO coal at a high coke replacement ratio isin-
creasing stably in the international steelmaking industry [ 1] PQ tech-
nology involves diredly injecting coal into the blast furnace,
increasing productivity, and replacing a part of coke that is used for
the process of making iron [2]. The PCI coal has strict requirements in
terms of ash composition and amount, volatile content, moisture con-
tentand grindability.

Volatiles presentin a PO coal have a double-edged role in blast fur-
nace performance [3 ] The injected coal has to devolatilize and combust
atthe correct location and time, for opemational safety and optimal per-
formance. Due to the very short residence times of coal particles in the
raceway [ 15-20 ms), controlling combustion and ignition is critical o
avoid incomplete burnout and excess unbumt char formation. While
higher volatile content is correlated with higher char ractivity and

* Comesponding authar.
E-mail address: lian shanp@manas huedu (L Zhang L

Tty feb o v A0 0GR proc 2016, 10028
057 8-3H2040 2016 Elsewier BV All rights reserved.

ally, volatile content is inversely correlated with the calorific value of a
coal A low-volatile coal with ahigh calorificvalue will beable to replace
agreater portion of the coke leading to additional cost savings with low
valatile coals,

Readivity of the PCI ooal is another important factor in blast fumace
pedormance | 6], In general as PClinjection rabe increases, unburnt char
can increase the amount of fine coke particles in the raceway region,
which in tum exerts detrimental effects on gas flow and permeability
af the coke However, a generalized condusion regarding the impact
of char reactivity on the performance of blast furnace has yet to be
achieved Phillip suggests that char reactivity may not be a significant
factor in the raceway [7). At the high temperatures in the raceway of
up to 1500 °C, the char oxidation will be mainly diffusion controlled,
and hence, its rate will be fast enough that any oxygen present at the
particle suface will be consumed quickly [8]. On theother hand, Lu pro-
poses that intrinsic char reactivity is a sinificant factor in burnout dus
to the highly turbulent regions in the flame and small partice sizes
used in PCI combustion [9). In addition to the char - O reaction, the
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char- C0y gasification will ocour beyond the raceway and this is likely to
be intrinsically contmolled due to the slower rate of reaction and lower
temperatures in the furnace stack,

Low-rank brown coal has large reserves in both Augralia and China,
and also ather parts of the world However, due to its large moisture
content, low-rank coal has been mainly used as the feedstock to supply
local power plants whichgenerally havea very lowelfidency and ahigh
carbon emission rate compared to black coal [ 10]. Little of low-rank coal
i5 being used as a value-added product in the market for non-power ap-
plications including blast furnace use, Upon beneficiation such as mild
pyralysis, the low-rank coal is expected to be upgraded toa char with
a higher calorific value that can be used in a variety of advanced appli-
cations induding power generation, combustion in blast fumace, pre-
cursors for activated carbon, and reductants for the production of
predous metals in the metallurgical industry. To date, the application
of low-rank brown coal char as a PCI fuel for a blast furnace hasyet to
be tested. Instead, the use of woody charcoal as a POl substmte fuel
for 00z emission redudtion has been examined [11)]. Compared to
woody charcoal, the low -tank coal char possesses distind properties in-
cluding different ash content and composition, as wellas a different car-
bonaceous structure and reactivity.

This paper follows on from previous work on coabchar blends [12],
and aims to validate the viability and benefit of Fully repladng the com-
merdal bituminous coal by brown coal char as the single PCI fuel ina
blast furnace, rather thanthmough blending them together. In particular,
considering that volatile matter is one of the most critical factors for a
singhe PO fuel [3-5], the primary goal of this paper is to danfy the min-
imum valatle content in a lignite char that can ignite stably and rapidly
while reachingits maximum possible calonfic value (thusenergy densi-
ty). Such a goal is also significant for tailorng the parent coal pymlysis
conditions since the char is a prepared material aswell as establishing
the bond between pyrolysis and the end-use of the pyrolysed char. To
date, most of the studies on char properties and reactivity have failed
to specily the end-use of the char, thereby providing little advice to
both PCl application in the blast furnace, and to the optimisation of py-
rolysis conditions to meet the needs required by the PCLapplication. Ad-
ditional efforts were further made to reveal the maximum possible size
for the lignite char that can burn efficiently, so as to reduce the energy
consumption required for its milling prior to being injected into the
blast furnace.

To achieve the afore-mentioned research objectives, two Yallourn
char samples collected from a pilot-scale shaft furnace with a capacty
of 200 kg'h have been characterized and tested in this study. Their
size-dependent properties and intrinsic reactvity wene firstly exam-
ined. Secondly, an experimental study of char particle ignition and
burnout was conducted in a lab-scale thermogravimetric—differential
thermal analyser [ TG-DTA) and drop tube fumace (DTF) as a fundion
of 04/C molar ratio, furnace temperature and char size. The DTF used
is unique, possessing the capability to provide a hot blast gas up to
1000 °C to mimic the industrial blast furnace. Finally, computational
fuid dynamics ((FD) modelling was pedformed to interpret the DTF re-
sults and further explore the optimum properties for lignite char in
terms af ignition and burnout under the simulated blast furnace condi-
tons, The parent raw coal is sourced from the Latrobe Valley, Australia.
As a reference, a bituminous coal currently used commerdally asa PO
coal was analysed and compared.

2. Material and methods
2.1. Properties of Yaloum char products

Coal for the production of char is sourced from Yallourn in Victoria,
Australia Yallourn lignite has a very high moisture content [ B5.2% ar}
but is low inash (261% db) [13]. Two char samples were generated
by pyrolysis of raw wet Yallourn lignite in a pilot-scale shaft furnace
with a capacity of 200 kg/'h at approximately 800 “C. These will be

refemred to as Yallourn char 1 (¥YC-1} and Yallourn char 2 (YC-2) and
their appraximate residence imes are 5 and 10 h, respectivdy. A longer
residence time is expected to generate a low-volatile char that thus has
a higher enerzy density. Other products recovered from the py mlysis
included water, gas and coal tar.

Char particles wem size segregated prior to analysis The char pro-
duced ranged indiameter from less than 100 pm to over 8 mm Interest-
ingly, the sizes less than 1 mm in diameter are mostly present as
powdery, darkish particles that are analog ous to high-rank black coal,
as evident in Fig. 1 which shows the size-dependent surface morphal-
ogies of YC-1. Instead, the chunk szes larger than 1 mm are more like
woody charcoal. This is because the woody fibres are abundant in the
original lignite. Clearly, the lignite char studied here is intriguing, as its
maceral composition is a combinationof both black coal and woody bio-
mass. Such a sample has yet o be probed

To determine the crystal structure of char samples, X-ray diffraction
[XRD) analysis was conducted in a Rig alku MiniFexG00 instrument. The
char samples were demineralized with 1 M HO washing for 3 h follow-
ed by rinsing with deionised water until the leachate turned neutral
prior to the XRD analysis. A scanning speed of 0.1°/min was selected
with a step size of 0.01° for a 2-theta angle from 10° to 70°. The maxi-
mum capable power af 600 W was used for the XRD characterisation
The samples were ground under the argon protection prior to the
analysis,

22 [gnition temperature, volatle refease and char-0; reactivity measure-
menf in T-0TA

Char ignition temperature was measured in TG-DTA (Shimadzu
DTC-60H) and was defined as the temperature at the intersection of
the tangent of the char mass at the initial point ( horizontal line ) and
the tangent of the char mass curve at the peak of the DTA curve when
the sample is heated at a rate of 10 *C/min Samples were ground to a
size of <106 um to minimise the diffuson.

Intrnsic char-0, reactivity kinetic parameters were calculated using
the direct Arrhenius plot method which is based on Eq. (1).

e #- () #

where Bis the heating rate and «is the conversion. By plotting In |Tlﬂ

106-300 pm

300-500 pm

Fig. 1. Surface morphalogy of differently sived lignite char ¥C-1, observed by optical
micmecopy. Scdeis relevant o all micographe.
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& against §, the preexponential constant A, and activation energy Es
can be calculated The heating rate was fixed at 50 °C'min and the air
flow rate was fixed at 100 mL/min to ensure that the samplewill always
be supplied with 20.94% O, Frst-order devolatilization kinetics were
measured in the same TGA instrument using the non-isothermal Kissin-
ger method [14]. Argon was used at 100 mL/min and heating rates
ranged from 10 to 50 *C/min in ncrements of 10°C

23 DTF experimental setup

A2-m DTFwas employed to combust the coal and char sample and a
gas analyser recorded the combustion gases exiting the furnace. A sche-
matic ofthis DTFcan be found in previous work [15]. In brief the sample
enters the DTFwith a cold primary gas of 1 Limin, while a secondary gas
af 9 Ljmin is prebeated through the annulus between the reactor and
the furnace, mixing with the coal or char at the injection point. Such a
unique pre-heating system for the gas can resemble the blast furnace
condition where the hot air is nomally heated to ~1000 °C. This is dif-
ferent from the previous study on the test of PClcoal in a lab-scale
DTF without extensive preheating of the secondary gas [16]. A water
cooled injector was used to injed the sample at a further distance in
the reactor so that the partice residence time was approximately 1.4 s

The coal feeding ratew as set to approximately 1 g/min The combus-
tion test was conducted at three furnace temperatuces, 800 *C, 900 °C
and 1000 *C, and four 05/C molar ratios ranging from 0.7 to 1.4 For
the char and commercial PCl coal, three original sizes of < 106 wm,
106-150 um and 150-300 pm were tested to evaluate the size-depen-
dence of their combustibility. In addition, the char sizes larger than
1 mm were ground to < 106 pm and further tested. The expedmental
conditions are summarized in Table 1.

Coal'char burnout was measured by examining the mass balance of
combustible matter before and after each test. The unburnt residue from
eachrun was fully collected via a flask and thimble filter installed at the
bottom of the DTF reactor. The ash percentage in the residue, A, was
measured by the TGA instrument by buming it in air upon heat-up to
800 °C at a heating mte of 10 *C/min., By employing the original mass
(M, dried) of the injectant, its ash content [ Aogina, WiE on dried
basis) and the mass of the residue (M}, one can calculate the burnout
(B} using Eq. (2) below:

a=( &M)xmu 2)

Mo [100—Ag)

This method is expected superior over the traditional ash-tracer
method in which the conservation of ash mass is assumed dunng the
combustion process, The low-rank coal and its derivatives including
char give a non-negligible ash loss upon the combustion [15].

Table 1
DF experimental condiions ested.
Sample Size
Y-

Temper aure “C
B0, 200, 1000

04/ Cratia
07-14

<106 pm

106-150 pm
150-300 pm
1000 (i)

1000 (i)

Y2 800,900, 1000 03

1000 03-14

1000 (1)
800, 900, 1000

Commenda POl coal 03-14

24 (FD maodelling methodology

A three-dimensional (FD model of the DTF was established to inter-
polate and extrapolate the DTF results so as to gain a better understand-
ing of the burnout profile of different fuels. Although the DTF
experiments shown areable to show the discrepancy of the bumout be-
tween different fuds, an accurate estimationof the influence of a single
parameter i difficult This s due to the imitation of the feeding system
that rarely allows foran identical feeding rate for diferent samples with
different density and different 0y /C molar ratios. Such a problem was
sohved easily by CFD moddling once itis fully validated. For the model-
ling in this study, the fumace wall temperature was varied from 800 to
1200 °C, as thisis closest to the temperature of the hot air stream that
the particles are injected inside the blowpipe-tuyers section in a blast
furnace [6]; the O4/C molar matios was set identical with that which
has been tested in the OTF, and all the different sizes of char and PQ
coal were tested to conduct a sensitivity analysis of the char burnout
asa function of particle size and operating conditions,

The mesh and model for the DTF was taken froma previous study of
brown coal combustion in the same rig, which has been fully validated
[17]. The mesh is made upof 231,000 cells and encompasses all of the
dmoptube furnace features, induding the primary and secondary gasin-
lets, secondary gas preheating zone, the water-cooled injector, and
mixing of gases and char at the injector tip. This mesh was validated
in a grid independence test as well as with measurements of partice
temperature in the previous study. The modds used in the simulation
are summanzed as follows: Tutbulence: k- model is used which has
shown sufficient accuracy in modelling combusting flows | 18]; Radia-
tion — the discrete ordinates (D0} method was chosen due to suitability
far all optical thicknesses and level of accuracy [ 19); Radiation absorp-
ton: the weighted-sum-of-grey-gases model (WSGGM) which is com-
monly used for coal (FD simulations as it is effident and shows a good
agreement with experimental observations [20]; Partide reactions -
Multiple surface reaction model; and Gas phase reactions - Westbrook
& Dryer mechanism [21),

Particle surface reaction kinetics, as well as devolatilisation rates
were taken from the TGA experiments described eadier and diffusion
rate constants were found in literature [22 ). The mass loss and Kissinger
plotcan befound inSupporting information (51), gs. 51 and 52, respec-
tively. The devolatilisation rate of Yallourn char samples was assumed
to be similar to thatof raw Yallourn coal. First-order rate kinetic param-
eters A and E; were determined to be G88 « 10"* s~ ' and 205 kj/mal,
respectively using the previously described Kissinger method. While
the pyrolysis reaction proceeds relatively fast compared to the charcon-
wersion reactions, the high activation energy here is indicative af the
high temperature dependence of thevolatile release. For PO coal the Ar-
rhenius equation congants were taken from the work of Badzioch and
Hawksley (A = 4892 x 10° s~ E, = 74 kj/maol ) [ 23],

3. Results and discussion
31. Char property andysts

The praximate property analysis was conducted on each size group
and a trend was found linking a decrease in size with a decrease in
fixed carbon and an increase in moisture, ash and volatile matter
shown in Fig, 2 This variance in properties was much greater for ¥C-1
than ¥C-2 that was produced at a longer residence time. The trend of
this vanation initially appears counterintuitive, Le. smaller partices
would beexpeded to lose a greater amount of volatiles due to the lesser
heat and mass transfer resistance. Instead, the result here may suggesta
secondary condensation of both volatiles and even the ash-forming ele-
ments once they were evaporabed from their local positions in the coal
matrix. For both charsamples, the size bin< 106 pm showed an ash con-
tent above the standard fora Grade 1 PO fud (<10 ash) [24]. However,
allthe other sizes have an ash content that is much lower. The lengthier
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mill and the blowepipe when they are used as asubstitute for bituminous
coal. Finally, the calorific value [Le. energy content) of the thee fuels is
notewarthy, As evident in Table 2, ¥C-2 has the largest energy content,
olowed by PO coal and ¥C-1 ina descending sequence. This is because
YC-2 has the least volatile and ash content, as an expense of increasing
the partide residence time in the py molyser.

HRD'was also used to examine thedifferences in carbon structure for
the 1-4 mm size fractions of both YC-1 and YC-2 char as well as PCI ooal
(Fig. 3). The concentratons of individual ash-forming elements in the
entire sample, as measured by XFF, can be found in Table 51 in SL The
demineralised ¥YC-2 char exhibits a sharper (002) graphite peak, at
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pyrolysis ime to produce ¥C-2, compared to YC-1 increased the per-
centage of fixed carbon in the sample while decreasing volatile matter
and maoisture. Apart from the continued release out of coal matrix, the
volatile residuss may also be partially solidified upon a variety of sec-
ondary reactions such as formation of soot and coke, and also interac-
tion with the char matrix [13]. The true and apparent densities of two
char samples were also measured (Table 2. For comparison, a commer-
cial PO bituminous coal was also tested, which is composed of 203 wis
volatile matter, 8.7 wii ash, 1.9 wif moisture and 706 wis fxed carbon
on adry basis. As can be seen, the longer pyrolysis duration of YC-2 re-
sulted in a larger porosity, a lower apparent density and a larger true
density than its counterpart char sample YC-1. s true density is almost
as high as a pure graphite crystal (2260 kg/m®) [25], which is another
sign of the strong secondary reactions which can increase the carbon
aromaticty [ 26], or coke'soot formation from the primary volatile re-
lease. However, the low apparent density for the two char samples im-
plies probable changes on the acrodynamics of char partices in bath the

Table 2
True density, appanent density, caku laed porasity, cd orific value and surfxe ares of PO
coal YiC-1 and YC-2.

PO emal Y1 Y2
(<106 pm) [1-4 mm) [1-4 mm)
True demsity [kgim? | 1441 1863 2204
Apparent density 1264 #wa5" /131"
[heg/m)
Bulk density [kg/'m") 6442 107 4178
Parmsity, [ | 1273 2 611
Calarific value (keal'kg) 7801 =7 8114
BET surface are [mig) ot s ureg] 334 567

* The sive af <106 pm for each char sample has aka been analysed, showing ligtle dif
Terenee with the sive of 1-4 mm.

-24" anda sharper (100} graphite peak at -43" indicating a greater de-
gnee of ordered carbon structures. The (002) peak which is assocated
with aromatic side chains is also expected to be influemced by the over-
lapping -+ peak which is assodated with aliphatic side chains [27]. PCI
cnal also shows a very sharp peak in this region which is expected,
since ammaticty increases withooal rank | 28], Increased carbon aroma-
ety is linked with increased carbon ordering and true density and will
negatively influence the reaction rate [26]. It is possible to splitthe frst
peak into symmetrical (002} and v peaks, and subsequently integrate to
caleulate the degree of aromaticity, f;, with Eq. (3).

Aoz - .
fa —mo 100% (3

where Aoz is the area under the (002 ) and Ay is the area under the ¥
peak

The resultant peak-fitting cunves used in the caleulation of the area
can be found in Supporting information Fig. 53, For both char samples,
tweo symmetrical peaks wereable to match theorginal peak withan ad-
justed R* value above 0998, The aromaticity of ¥C-1 and YC-2 chars
weere determined to be 67.8% and 82.8% respectively, further proving
that the char aromaticty is increased in the case of YC-2 char.

Table 3 further summarizes the ash compositions (inits most stable
axide form) for the different sizes of YC-1sample and ash fusion tem-
perature. The most abundant element is Fe, followed by Mg and Ca,
whereas the contents of alkali metals (Na and K} are extremely low.
This is different from woody charcoal which is rich in alkali metals
[11]. Due tothe abundance of Fe and Mg, the ash melting temperature
is also higher than 1550 °C. All thes e properties are superior over the bi-
tuminouws coal with the abundance of silicon, aluminium, caleium, iron
and even sodium in the ash. Due to the co-existence of these five ele-
ments, some of the bituminous coal ashes have a larger tendency to
melt and cause fouling in the bumer vidnity. Such problems would be

.
]
= A
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] YC-1
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267}

Fig. 1 XRD spertrafor de-ashed YC-1 and YG-2 char samples 25 well 2 PO aal
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Table 3
Sie-dependent ash compesitians al Y'C-1 sarmple and ash fusian temperatures.
Char size, pm
Blement =8000 A000-2000 1000 S000 GO0-1000 300-600 106=- 300 <106 PO caal
Si0, el 21 25 34 26 3 3 45
ALl ik} 13 14 14 13 14 13 ok
Fedly 204 347 344 36 kL] 41 484 a0
Mg0 |3 276 265 269 276 ma ma il =]
(=] 232 157 172 165 146 13.7 14 134
S04 ni 165 15 14 136 15 a7 (15}
K20 o3 02 o2 0z a2 az o3 as
Ha, O 13 15 19 16 11 as as 37
Ash fusion temperature, "C
Reducing atmesphere Dxcicli = ng atrmes phere
Defarmation temperaturne =1550 =1550
Hemi spherical temperature =1550 =1550
Spherical temperature =1550 =1550
Flnw Eemperature =1550 =1550

obviously awoided in the case that the Yallournchar was used as the PCI
fuel.

32 Regctivity and ignition in TGA

The results in Fg. 4 indicate that the gnition pointol YC-1 is dose to
that of the PO coal, although the volatile contents of YC-1 are less than
that af its counterpart. ¥C-2 has an ignition point approximately 100°C
above that of YC-1. This should be attributed to a high volatile content
for YC-1 char (asevident in Fig. 2} as well as an increased surface area
of YC-1 char as evidentin Table 2. Increasing particle size shows a mar-
ginal increase in the igniion temperature, further supporting the dom-
inance of hetergeneous ignition mechanism for the Yallourn char.

Fig. 5 was plotted to compare the intrinsic char-0; reactivity of dif-
ferent samples. These readion rates were plotted based on the kinetic
parameters found by analysing the char mass loss curves (Fig. 54)
using the previously described direct Arthenius plot method (Fig. 85).
The results s how significantly higher reactivity for ¥C-1 samples, irre-
spective of its size, PO coal showed lower reactivity than YC-1 char,
while YC-2 char generally had the lowest reactivity below 800 *C.
Above 800 °C, ¥C-2 shows a similar reactivity to PClcoal. This is expect-
wd, due to the increased pyrolysis tme of YC-2, resulting in a lower sur-
face area, higher true density (Table 2} and more ordered carbon
structure (Fig. 3). The partially demineralised char samples were also
analysed for their char-0s reactivity to discover whether the higher re-
activity of ¥C-1 is partially attributed to its abundant ashdorming

- [ ]
= 77
=80 4 F

b 7

'_z - - - - PCI coal
wl[ 17 41T
=111 .

105-150um

1E-200um
Size group

Fig. d Ignition Eemperatunes far lgnie char samples and PO caal

elements. As demonstrated in Fg. 56 in the 51, the results from the
demineralised char samples were almaost identical to the espedive un-
washed char, proving that differences in char-0, reactivity are purely
due to the carbon structure

In terms of partide size group, Fig. 5 also suggests that the smaller
sizes showed increased meactivity, due to the larger spedfic surface
area and the minimal/ negligible diffusion control Ground chars showed
a comparable reactivity to that of samples of a similar size that were not
ground. Jeady, the broad variationof the reactivity of char as a function
al size should pose an effect on its combustibility, This will be examined
by sensitivity analysis via CFD modelling later.

3.3 Ignition and burnout in DTF xperiments

A CCD camera was used to capture the YC-1 partides ignition se-
quence after it was injected into the hot blast in the DTF at 1000 °C
and an Oz/C ratio of 1.2, as shown in Fig. 6. Upon an exposure time of
0.255, the char particles sparkled individually, forming a long trajectory
in the feld of view (FOW) of the camera. Such an ignition should be
mainlyassigned to heterogeneous ignition of char surface, since thevol-
atiles in this char are very lean. Otherwise, a large firehall formed upon
the homogeneous firing of volatiles should be observed, as has been
confirmed for raw brown coal combustion [29]. The char combustion
was continued stably, radiating strong beat in the FOV of the camera
in 05 s In addition, it is noteworthy that, the heterogeneous sparkling
al char particles observed here, due to the shortage of volatiles, is

= 1E+01 o
k3
ﬁ 1E+00 4
(=
g 1y
g —a— -1 <108 pm
-, 150y —a— -1 105150 um
9 A YCA1 150-300 g
B 1=e0a —»—¥C-1 14 mm
] —4—YC 148 mm
—r0 Y2 w1 pm
ﬁ 1E-04 o —G— Y122 105-150 um
= —A— s 150300 um
1E-Ds o —p—YC-2 1-4 mm
I ——YC-2 &8 mm
o —— PCl coal
1E-D6 T T T T T T - 11
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Fig. & Intrinsic char-0n readtiviity af lignite char samples and PO coal
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0.25s

Fig. & Char igmition sequence of V-1 <106 pm 2t 020 = 12 and 1000 °C

benefical inproviding a low pressure dropand hencea stable operation
of the tuyere of the blast fumace [30].

The offects of char particle size and 02/C molar mtio were tested for
the burnout of YC-1 at threetemperatures. Ag. 7( a) for YC-1 char shows
that, irrespective of 02/C ratio and reaction temperature, the partice
sizerange of 106-150 umonly showed slig htly decreased bumout com-
pared to the smallest size <106 pm for the same char, while the large
size 150-300 pm show a much decreased burnout particularly at
800 °C and 900°C. Such a decrease should be attributed to two reasons,
one isthe enlarged resistance against the internal diffusion of axygen
within char partide, and another one should be the decreased volatile
matter content upon the increase of char particle size, as evident in
Fig. 2 However, discrepancy between the three char sizes was
narrowed considerably by increasing both the 02/C molar ratio and fur-
nace temperature, An increase inthe 05/C molar ratio s benefical in re-
ducing the resistance against the external diffusion of axygen for larger
particle sizes. The similar observation was confirmed for YC-2 with a
much lower volatile content in pand b

Fig. & further compares the burnout rate as a function of O4C molar
ratio between two brown coal chars and the bituminous coal reference
at 1000 *C which is much doser to the temperature prafile in the blow-
pipe in a real blast fumace. Note that, all the three samples ane smaller
than 106 pm in size. As can beseen, the commercial bituminous coal re-
quires a minimum O,/Cmolar ratio of 1.2 to reach its max imum possible
burnout at 92 5 wits, However, under such an exoess O condition, YC-1
sample reached a complete burnout, whereas ¥YC-2 achieved around
95 wik burnout, which is still higher than that of the commerdal PQ
coal Apart from the high reactivity, the large porosity of Yalloum char
i5 alsa another important varnable affiecting the necessary amount of ax-
yeen for combuston, Compared to Yallourn char having a porosity of
52-63.1%, the bituminous coal tested here has a much smaller porosity
of 12.3% which thus pases a larger resistance against the internal diffu-
sion, in particular in the later stage of coal combustion where the axy-
gen in bulk gas is insufficent and its difusion is thus aritical

Fig. 9 further substantiates the high burnout of Yallourn char and its
distingt combustion mechanism at a fiscsed O /C molar matio of 08-09
that is close to the stoichiometric mtio for the combustion. For the YC-
1 char sample, increasing its particle size resulted ina decrease on the
carbon burnout, substantiating the above hypothesis that the external
diffusion of oxygen is the control step for the thoee blast temperatures
tested here. Even so, the burnout for YC-1 is stll very high, neaching a
value of approximately 70 wiE-daf for its largest size that is dose to
the mesults for bituminous coal achieved at 1000 *C With regard to the
cammerdal bituminous coal, it is obvious that the external axygen dif-
fusionis insignificant at these three blast temperatures, as reflected by a
rather comparable burnout between the three coal sizes at each tem-
perature. To reiterate, the slow reaction rate and internal diffusion due
to the small porosity are more impaortant for bituminous coal
cambustion

Finally, the burnout of brown coal char as a function of volatile mat-
ter was established in Ag. 10 at a fixed 05/C maolar ratio of 0.8-09 and

1000 “C. This is w assess the dependence of such a low-volatile char
combustion on its volatile matter content, as well as to determine the
minimum volatile content in the char to ensure a complete burnout
For the PCl coal application in the blast furnace, the volatile content is
deemed as the most influential criteria for the coal selection [16]. Inter-
estingly, a single linear trend line was not observed. Instead, the two
char samples show rather different trend lines with different slopes.
The ¥C-1 char has a smaller slope which & estimated to be around
068 for a volatile content down to 6wt Such a slope was also much
smaller than that has been established for commercial PO coals in the
literature [16]. Howewver, for the ¥C-2 char produced with less volatiles
under harsh conditions a much steeper slope was found for its volatles
ranging from -3 wiE to GwtE. By combining the trend lines for the two
chars, itis obvious that - 6wt isthe minimum volatile content request-
ed for the prepared brown coal char, otherwise its burnout at 1000 °C
and below would drop dramatically o a level that is even lower than
the commerdal PO coal. Compared to the natural bituminous coal, the
char tested hene is a prepared material, and thus, change on its volatile
content willlead to the change ontheother properties induding poros-
ity, structure and reactivity of the remaining carbonaceous matnix Since
al these changes will interplay and affect the performance of the char
combustion jointly, the results from FD modeling in the next section
will be further interpreted to appropriately address the combustion of
Yallourn char under the simulated blast furnace conditions,

34 CA) modeling

3.4.1. Model validation

Apart from the previowsly described gnd independence test and par-
tide tampeature measurements | 17], the model for char burnout was
furthervalidated here by comparison of char burnout and outlet O, con-
centrationin flue gas as obtained from the DTF experiments and as pre-
dicted by the (FD model The comparnison plots can be found in Fig. 11 A
measonable rdationship is seen between the experimental and simulat-
ed results. Some varation is expected due to the sensitivity of DTF in-
puts and measurements,

342 CHAY results interpretation

Fig. 12 first compares and predicts the effect of varying wall temper-
ature, and subsequently the preheated gas temperature for the two
Yallourn chars versus the reference coal, at afixed 0/C ratio of 1.0 [ stoi-
chiometricratio) with a constant feeding mate and modified Oy concen-
tration. For the reference bituminous coal, its burnout profile shows a
great dependence on the temperatune. At 900 °C it reaches a final bum-
out of only 60% at the exit of the whole reactor for a residence time of
L& s. The burnout profile consists of two steps, with the first step
being finished in 02 5 for the release and combustion of the valatiles,
whentas the latter one for the heterogeneous oxidation of the char.
Upan the rise of reaction temperature to 1100 *C the bwo steps overlap
considerably. This results in a relatively smooth bumout profile and the
completon of the combustion in 1.4 £ Increasing the temperature to
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1200°C further enhanced the overlapping between different stages, and
shomtened the bumout time to about 1.0 s

The YC-1 char combustion shows a less dependence on the temper-
ature, even accomplishing its burnout in 1.65 at900 “C. Upon the rise of
combustion temperature, the ime to complete its burnout was further
decreased to 1.0 5, 0.8 5 and 0.7 s at 1000 *C, 1100 *C and 1200 °C, re-
spectively. Moreover, the first step for YC-1 combus on, completed at
amund 0.3 s for 900 °C resulted in a loss of around G0 wis of the char.
By revisiting the visualized ignition sequence for this char in Fig. 6,
one can darify that the heterogeneous ignition ocourred concurrently
withthe ignition of volatiles insuch ashort distance The heterogeneous
ignition even predominated since the volatiles anly account for masxi-
mum 15 wi% [ see Fig. 2} for YC-1 chac, More interestingly, it is also

referable from Fig. 12 that the two steps for YC-1 char are rather split
at 1200 *C The overall bumout profile at this temperature is also rather
similar with that of the bituminous eoal, suggesting the analogy of the
combustion pedformance of these two fuels at the high furnace temper-
ature In other wards, the properties of the original fuel are insignificant
at high temperature. This could hold true, considering that the solid
combustion generally shifts from reaction control to external diffusion
controlupon the elevation of the reaction tempeature, The similar phe-
nomena was also observed for another Yallourn char, YC-2.

Fig. 13 demonstrates the time-resolved particle temperature prafile
for bituminous coal versus YC-1 char at 1000 “Cand 1200 °C at the stoi-
chiometric 05/ molar ratio of 1.0, According to panels {a) for bitumi-
nous coal, a particle was continuously heated until it reached a peak
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temperatune which was around 1300°C and 1400 °Cat the furnace tem-
peratureof 1000 “Cand 1200 °C respectively. This is due to the ecother-
mic nature of the combustion providing heat feedback to the particle
self The res pective fist-order derivative in panel (a°) further explored
the existence of different combustion stages for bituminous coal. At
1000 “C the initial peak for ignition was rather weak for bituminous
coal, substantating a slow release and ignition for the volatiles, A
much stronger and broader peak at the residence time of 0.2 s was ob-
served, rdlecting the combustion of both the lagged volatiles and solid
char at this stage. Increasing the furnace temperature to 1200 °C aceel-
erated the volatile release rate, as echoed by a remarkable increase on
the intensity of the first peak in panel (a'), and the second peak also
shifted remarkably to a shorter residence which i amund 0.1 5. Qeady,
the PClooal char reactivity holdsa more sensitive variation than thevol-
atiles upon the variation of the temperature. Since the distance between
two stages was shortened at 1200 °C, the burnout profile in Fig, 12 is
thus relatively smoother for the PCl coal at such a high furnace
temperatune.

The results of Fig. 13(b) for the time-resolved particle temperature
af YC-1 are quite similar with the PClooal in panel (a). However, the re-
spective frst-order derivative in panel (b") explored a rather distinet
cambustion behaviour for the Yallourn char. Even at the low furnace
temperature of 1000 °C, the fist peak for particle ignition is much
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Fig. 1 Thar burnouwt versus valatile aonient fortwa Yallourn chars at afixed Oq /C ratio of
08-09 and 1000°C

stronger than that observed for the bituminous coal. Obviously, this
peak should be partially attributed to the heterogeneous ignition of
char particle, otherwise, less heat would be provided to heat up the par-
ticde rapidly. The amount af char participating in the first stage should
also be considerable, thereby releasing sufficient heat feedback to heat
up the partick at a peak rate of 2.4 = 10° *C/s, which is around Four
times of the particle heating rate ohserved for the bituminous coal Con-
sequently, around 50wtk of the YC-1 was consumed at the fist stage, as
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evident in Fig. 12 Regarding the temperatune rise to 1200 °C, the left
shift of the second peak Far char burnout is not surprising, which can
be fully assigned to the high reactivity of Yallourn char. However, it is
more intriguing to observe a decreased intensity for the first peak
when compared to 1000 “C. This explained the reduction on the
mass loss at the first stage back to the bumout profile for YC-1 char in
Fig. 12 & may also reveal a different reaction route for YC-1 char at
such a high temperature. Snce the radiative heat transfer from the
furnace wall was enhanced upon the furnace temperature rise, it is
very likely that the exothermic reaction such as C-C0 gasification has
taken place at this stage. Otherwise, the particle would be heated up
more quickly. As has been confirmed in a separate study [17], the

gasification reaction contribution is remarkable for Victorian brown
coal char. This should also be the case for the ¥YC-1 and YC-2 char sam-
ples tested here, since they are also collected from the Latrobe valley.
Effort was further made by the CFD modelling to danfy the effectof
particle size on the burnout of Yallourn char at 1200 *C for a stoichio-
metric oxygen to carbon molar mtio. As substantiated in Ag. 14, as par-
telesizeinereased to arangeol 150-300 pm, the burnout profile of YC-1
char is still comparable to PCl coal. The large s pecific surface area of
woody charcoal was also proven accounting For its higher reactivity
than the PO coal [30]. Beyond that, the burnout for the particle of
300450 um dropped sharply due to the decreased surface area aval-
able and increased diffusional resistance. Qearly, irrespective of the py-
olysis conditions, the use of larg e size such as 300 pm for Yallourn char
is viable, reaching a comparable bumout rate to the bituminous coal.
The last thing of interest tous is to validate the bumout of Yallourn
char versusits volatile content, so as to elucidate the minimum volatile
content that is a critical criteria for the seection of PO coal. For this, OFD
modeling was further conducted to extend the experimentally
established results in Fig. 10 to three furnace temperatunes, 800 “C
1000°C and 1200 °C, ata ficed O/C molar ratio of 1.0 and a ficed resi-
dence time, 0.7 s for the first two temperatures and 0.5 s for the last
one. A residence time of 05 s rather than 0.7 s was chosen for
1200 °C, because both YC-1 and YC-2 char samples completed their
bumout in 0.7 5 at 1200 °C, as evident in Fig. 12 The different sizes of
each char sample were reduced o the same particle size range
(=106 pum} while keeping its reactivity unchanged As illustrated in
Ag. 15, the critical volatile content of 6 wi was confirmed for 800 °C
and 1000 °C, which agrees with the experimental observation as
shown in Fg. 10. For YC-1 char with its volatile content varying from
GwiE up to 20 wis, it holds a clear upward trend for its bumout versus
the volatile content. Howewer, for the YC-2 charwith a maximum 6 wits
volatile content, its broad scattenng rather suggests that, for the char
with extremely low volatile content, the higher heterogeneous
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combustibility and larger porasity could outweig h the volatile content,
enhancing the burnout rate of char via dominantly heterogeneous axi-
dation. Increasing the blast temperature to 1200 “Calleviates the depen-
dence of brown coal char burnout onits valatile content, as evidentby a
rather flat slope for the trend line and insignificant variation of char
bumout versus the volatile content. All the burnouts are also far higher
than that of the PO coal at this temperature, although its volatile con-
tent is high. Clearly, in an industrial blast furnace employing a hot
blast temperature close to 1200 °C the use of the lignite char tested
here, irres pective af its preparation condition, is beneficial in offering a
higher injection rate, thereby improving the coke replacement ratio
and the productivity of the blast fumace,

4 Conclusion

In this paper, we have for the ficst Gme tried to establish the linkage
between the brown coal pyrolysis condition and the end-use of the re-
sultant char as a PO fuel in the blast furnace. Efforts have been made
to quantitatively examine the size-dependent properties of Yallourn
char collected from an industry-scale shaft fumace, its potential and
benefits for the replacement of commercial bituminous coal in the
blast furnace. The major original findings from this study can be
drawn as follows:

L. Irrespective of the pyrolysis condition, the char denved from
Yallourn coal is suitable for the use as a top-grade PO fuel in a blast
furnace. Compared to the bituminous coal requiring a very fine size
[eg <106 pm), excessive oxygen and high temperature (eg.
= 1200 *C) for a complete burnout, the Yallourn char tested can
achieve the compamble burnout rate under the rather mild condi-
tions, e.g. 150-300 pm in size, stoichiometric 0,/C molar ratio of
1.0 and a furnace temperature as low as 1000 °C

2 The homogensous ignition of the remaining volatiles in Yallourn char
is predominant at furnace temperatures of 1000 °C and below., There-
fore, a minimum volatle content of 6 wt in the prepared char is es-
sential to ensure a stable ignition. The char structure is also
influential in controlling the later hatemgeneous char burnout. How-
ever, an elevation of the hot blast gas temperature to 1200 °C @n
compensate for the negative effect of volatile contents less than
6 wi and the nfluence of char structure as well, due to the en-
hanced heterogencous ignition and shift of the reaction to the diffu-
sion control zone.

3. The larger porosity and spedfic surface area of Yallourn char are
helpful for minimising the gas diffusion resistance, therefore, the
coarse Yallourn char of 300 um in size can burn effidenty under
the stoichiometric 0z/C molar ratio at a high fumace temperature.
Redudng the Yalloum char size i further benefidal in alleviating
the external diffusion resistance to achieve a nearly complete burn-
out at 800 “C
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Ignitability and Combustibility of Yallourn Pyrolysis Char Blended
with Pulverized Coal Injection Coal under Simulated Blast Furnace
Conditions

Anlhuny De Gimla.mu,e Alexander Grufas,e ia Lya.min,% lori Ni,\cl'liu,i Yoshihiko I‘~Jirmmi'ya,i

and Lian Zhang®"

"Department of Chemicl Engineering, Monash University, Clayton, Victoria 3800, Australia
:Depa.rrment of Applied Chemistry, Chubu University, Kasugai, Aichi 487-0027, Japan

ABSTRACT: Pubverized coal injection (PCI) is a widely used blast furnace technology aimed at reducing costs and increasing
productivity. The prospect of blending PCI coal with a lJower cost char, derived from Yallourn brown coal, s evaluated in this
study by means of thermogravimetric analysis (TGA), flat-flame burner reactor, and drop-tube furnace experiments at four
different blending ratice as well as computational fluid dynamics (CFD) modeling. Yallown char has desirable properties
compared to PCI coal, including a lower ash content and a higher heating value, although the reactivity is lower and the ignition
temperature i higher. Because the combustion behavior of a blend i not always easily predicable based on the performance of
the individual parent fuels, two Yallourn char samples (YC-1 and YC-2) are analyzed after blending with PCI coal at four matios.
According to the particle ignition time, a maximum of 40 wt % is allowable for YC-1 char which i comparably reactive with the
commercial PCI ooal. However, a maximum 20wt % is only allowed for YC-2, which is less reactive. The negative heat sink effect
of ¥C-2 char is influential, whereas the heterogeneous ignition of YC-1 overlapped considerably with the ignition of PCI coal,
which is mainly in the homogeneous gas phase. In addition, it was found that the later char axidation rate was accelerated greatly
for the PCI coal blended with YC-1, irrespective of its blending ratio. In contrast, the heat sink effect is more obvious for the YC-
%, the increase on the blending ratio of which greatly decreased the overall burnout rate, especilly at low furnace temperatures
(800 and 900 *C) and a shorter residence time, such as 0.8 s. For YC-1 char, its blending ratio is insignificant in the overall
burnout. Increasing the furnace temperature to 1000 *C and the O, /C ratio to 1.2 can assist in achieving a nearly complete
burnout for all of its blends, even at a short residence time of (L8 5. In contrast, for YC-2 char, a fumace temperature of 1200 *C
and O,/C ratio of 1.2 are essential to complete the bumout of al of its blends. The Yallourn pyrolysis conditions for the
preparation of its char are critical. A good synergistic interaction between Yallourn char and commercial PCI in terms of
reactivity is ako essential for a broad blending ratio to be used in the blast furnace.

1. INTRODUCTION

Curmrently, 70% of iron production for steelmaking is attained
through smelting iron ore by reduction with a carbon source
{coke/coal) in a blast fumace.! To reduce the consumption of

method as a complete replacement for the commercial PCI ooal
or a a blend.

A previous study has confirmed the viability of a complete
replacement of commercial PCI coal with two chars derived
from Yallown brown coal™ The char replacement has both

expensive ooke and increase productivity, the pulverized coal
injection (PCI) method is used to replace a portion of the ake
used in the blast furnace.” This has been implemented in nearly
all blast fumaces in China, Japan, Korea, and Taiwan and over
half of those in North America, South America, and Eumpz._‘
As a result of this, the demand for coal suitable for PCI has
been increasing stea.dj]}'._'

Victorian brown coal (VBC) contains a relatively high
amount of moisture and has alow ash yield. It is predominantly
used for electricity generation at local power plants where it is
inefident and very carbon-intensive.* One of the promising
applications for VBC i as a substitute for bituminous coals
used in PClin a blast furnace. Unprocessed brown coal & not
suitable for blast furnace applications as a mesult of its high
moisture content and low calodfic vale. Through a mild
pyrolysis process, VBC could be upgraded to a higher value
char, which is produced alongside other derivatives, coal gas
and coal tar.” The VBC char could then be injected via the PCI

< ACS Publications & 205 amarican themical Sadety

advantages and disadvantages compared to the PCI coal
Yalloum char has a lower cost than the PCI aal and contains a
higher clorific value, meaning that it can replace a greater
portion of coke. It ako has lower ash (<4 wt %) and moisture
contents. On the other hand, the previous study showed that
Yalloum char has a higher ignition temperature as a result of its
lower volatile content, which, in turn, would cause a delay in
the ignition and the formation of plenty of unburnt carbon
entering the blast furnace.

Char can be blended with the nomal PCI coal to baance
these char characteristics; however, it iz not always easily
foreseeable how the created blend will behave as a result of

Special Tssue: 5th Sino-Australian Symposhan on Advanced Coal and
Biomass Utilisation Technologies
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possible non-additive ‘synergistic interactions between different
coals or chars.” Some properties of coals are always additive [C,
H, O, N, and 5 analyses, moisture content, and lower calorific
vahie (LCV)],m while others may be additive or non-additive
depending upon the parent coals. Haas et al. " determined that
non-additive effects were greater when parent coals had a larger
difference in the coal rank The stahility of low-volatile coals
could be enhanced by blending with a higher volatile coal (with
the exception of low-rank coal), while burnout of blends wil
follow a linear trend,”’ with burnout being higher for coals with
a larger volatile content '>'* Ignition temperatures of oal
blends have been shown to decrease with an increased
proportion of voltde matter (VM) in the blend; however,
several studies have found the actud ignition temperature of
blends to be lower than that predicted by a weighted averge of
the parent coals. Therefore, the ignition temperature will
approach that of al with a higher VM5

Table 1 provides a summary of a number of studies that have
been completed on blending combustion. Blend analysis by
thermogravimetric analysis (TGA) has provided useful
information about ignition and interadions between Hends,
although there is no clear consensus on whether a given blend
will show non-additive behavior. Drop-tube furnace (DTF) and
other lab-scale rigs provide heating rates that are much more
applicable to those experienced by coal injection into a blast
furnace and will alow for VM to potentialy interact with fixed
carbon. For industry-scale assessment, computational fluid
dynamics (CFDY) modeling has been favored as a result of the
lower cost and ability to measure key performance parameters
and modify input pammeters with ease. However, the effect of
the chemical interaction between blends may not be possible to
fully take into account if only parent coal or char characteristics
are considered. With this aurrent state of research, it can only
be assumed that the blend behavior will be expected to fall
within or close to the constraints given by their parent fuels;
therefore, analysis of each blending ratio should be examined
prior to application in industry.

In this study, the properties, reactivity, and interaction of
different mixtures of Yallourn char and a commercial PCI aoal
will be analyzed to determine an optimum ratio of blending,
This research aims to clarify both ignition and bumout rate for
coal—char blends, which are criti@ml for the combustion of PCI
coal in the tuyere /blowpipe of a blast fumace. Techniques used
indude TGA, ignition time measured in a flat-flame burner,
DTF experiments, and CFD modeling. The DTF used is able
to preheat the gas temperature up to 1000 *C, which can thus
resemble an industrial blast fumace. It & of interest to maximize
the replacement of PCI coal and, thus, have a greater content of
Yalloum char in the blend to reduce fuel costs and ash burden.
Additionally, if a Yallourn char blend is chosen with a higher
calorific value than PCI coal a higher coke replacement ratio
would be achieved and, thus, additiona cost zavings in ke
requirement would ensue. However, because these benefits
could come at the cost of reduced meactivity and delayed
ignition, it is pivotal to establish a blending ratio that balances
the beneficial and detimental effects. While it was established
that both Yallourn char samples had a higher ignition
temperature and larger ignition delay than the PCI coal
(which was correlated with the higher volatile content of PCI
caal), the blends containing Yallourn char with PCI coal wil
have a VM content higher than that of the individual Yallourn
char samples. If the heterogeneous nature of the blend allows
for PCI coal with a higher VM to ignite sooner, then the heat

feedback from its VM combustion may, in turn, assist with the
heterogeneous ignition and bumout of Yallowrn char. In
addition, the blending of char would incease the local O./C
maolar ratio for the PCI volatiles, thus promoting its ignition.
However, if the reactivity of the char is very low and does not
match the PCL it could act as an “inert” spedes, casing heat
sink near the igniting/burning PCI coal particles. This would, in
turn, postpone the overall burnout. All of these hypotheses will
be tested in this study, which is expected to ultimately diversify
the use of Victorian brown coal by creation of a product that
can be exported to the international market.

2. EXPERIMENTAL METHODOLOGIES

Yalloum char for this study & obtained by pyrolysis of mw wet
Yalloum brown coal in a plot-scale shaft humace. As in the previous
study,” two types of Yallourn char were produced under different
conditions. These will be referred to a5 Yallourn char 1 (YC-1) and
Yalloum char 2 (YC-2). The char is created under relatively mild
conditions (around 800 *C), and YC-2 was pyrolyzed over a longer
time period (~10 h) than YC-I (~5 h). The most common sie
fraction was taken from each of these (1—4 mm), ground to a size of
<106 pmy, and mized with a commerdal PCI coal at four {J.‘:ﬂ'ee:t
ratios from 20 to 80% (mass Faction) clar with the remaining PCI
cial The proximate and ulimate analyses of both fuels are shown in
Table L. Although Yalloum char samples have similar VM and fized
carbon contents, their physical properties vary considerably (Table 3).

Table 2. Proximate and Ultimate Analyses of Fuels

YC-1 YC.L PICI coal
Proximats Analysis
moistws (% ) 102 12 19
ash (%, db) 74 52 87
VM (% &) &5 45 07
fimed carbon (%, db) 8.1 903 Y3
Ultimaie Analysis (%, db)
carbon §7.10 9322 8084
hysdragen 120 049 330
aryen® 33 000 499
nitragen 066 076 120
sulfur 033 L38 047
“By difierence

Table 3. True Density, Apparent Density, Calculated
Porosity, and Higher Heating Value for Fuels

Y1 TC2 PCI coal
tue density (kg/m'") 1863 2204 1441
apparent density (kg/m”) 5107 4178 B2
calculated porosity® (%) 73 sL0 553
higher heating vlue (M]/kg) 52 323 05

“Porogity = (true dersity — apparent dersity)/true density % 100%."*

The kinetic parameter analysis (Table 4 ) showed a large variation in
activation energy between YC-1 and YC-2 chars (1030 and 1516 kJ/

Table 4. Kinetic Parameters for Yallonrn Char and PCI Coal

. acthation

-exponent EneTgy Teaction Tateat  reaction rate at
comstant (57') (k) 800 %C (s7') 1000 °C 57)

h (s3] 533 % 107 1030 052 ils

YC-2 390 = 10° 1518 018 235

PCI 820 % 10° 1290 043 419

ood
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il rapecﬁw}y}, although these two chars possess similar properties
in terms of the content of remaining volatiles and ash. The method of
determination of kinetic parameters i detalled in section 2.1, Likely,
the pyrolysis condition is eritical in affecting the dhar strocture and its
reactivity. In temns of the maction rate at a high tempensture, YC-1
shows higher reactivity, doser to the reacivity of PCI coal The level
of metal cxides in the ash of each fuel & shown in Table 5

Table 5. Composition of Ash Weight Percent Oxides

metal oxide ¥YG1 YC2 PCI
50, 179 158 0.5
ALD, 241 i82 761
Fey 0y 4114 2031 599
MgO 3023 3443 0.0z
Cal 7.3 12462 13.06
50, 599 1116 657
] 036 0s1 0.46
Na0 6.05 1136 373

21. TGA. TGA (Shimadzs DTG-S0H) was used to determine the
ignition temperature of the coal—char blends, the intrinsic eactivity
kinetic paameters for pure fuels (both activation energy and pre-
exponential factors), and the ash content of the unburned reddoes
collected after the DTF experiments.

A Kissinger plot was used to determine the activation energy and
pre-exponential factor for the two Yalloum diar samples and PCI coal.
The Kisinger method considess the effect of the heating rate on the
vadation in the temperature at which the mamimum meadion rate
occws.'® Heating rates were varied between 4 and 10 “C/min to
ensure that the temperature at the madmum rate was in the dhemical
kinetic control regime The ignition temperature was defined as the
tem perature at which the combustion rate, for a certain heating rate,
tises to | wi % /min of the current mass.'”

22, Flat-Flame Burner Reactor (FFER) Experimeants. Igition

tests were alio carned out in a FFBR to complement the TGA
observation where ignition was mexsured at a dow heating mte The
FFBR was operated at atmospherc pressure with a messured flame
tem perature of approdomately 1062 “C before the feeding of coal/dhar.
A magnitude of 10° °C/s is expected for the heating of coal/char
particles in the FFBR," which & dese to the industrial blast famace
heating rate.” The oxygen Faction was fized at 021, and the O,/C
maolar ratio was fed at 2.5 The feed rate of coal {dar to the bumer &
approdimately | g/min, with deviations of up to 10% from this to
maintain the correct 0,/C ratio for each sample. At least 100 images
were captured with a Mikon P7000 chargecoupled device (CCD)
camera and analyzed for each blend to quantify the ignition point of
each sample as a distance from the burner base. A high-speed camera
was wied to measure partice velodty and, thus, calalate the ignition
time ?rrﬂ)er information about the FFBR can be found in a previouws
study.
2.3. DTF Experiments. A 2 m high DTF was used to combust the
coal and char samples, and a gas amalyzer recarded the combustion
gaies exiting the fumace. A schematic dawing of the DTF setup can
be found in a previous work.'” The ample enters the DTF with a low-
volume primary gas (1.0 Lepp/min), while a secondary gas (9.0 Leyp/
min ) is preheated to the famace temperature and mizes with the ceal
of char at the injection point. Such 3 unigue preheating system for the
was can resemble the blast furnace condition where coal is injected into
ahot air stream, The coal/char feeding rate was approdmately 0.7 g/
min. Oxygen was added to the secondary gas to achieve the desired
0y/C ratio. The particle residence tme was approdmately 1.4 s in the
fumace. The bllowing pammeters were varied in this study: blending
ratio (with respect to Yalloum char content), 0, 20, 40, 60, 80, and
L100%; fumace temperature, 800, 900, and 1000 °C; and 0,/C molar
mato, 0.7, 0.85, 1.0, and 1.3,

24, CFD Medeling. A three-dimensional (3D) CFD model of the
DTF was used to gain a better undestanding of the interactions of
different blends, The mesh for this was taken from a previous study.™

1861

The maodel has been validated vsng padide temperature measure-
ments, and a grid independence ted was conducted to optimize the
mesh cell mumber™ Blends were added to the model as two coal
injections at the same inlet surface This method may be wed to study
the interactions caused by differences in the wolatile content and
reactivity. This mesh was validated in a gad independence test as well
a5 with messurements of the particle temperature. The models used in
the simulation are summanzed a follows: twbulence, k= model;
radistion, discrete ondinates (D0) model; radistion absorption,
weighted sum of gray gases model (WSGGM); partide reactions,
multiple surface reaction model; and gas reactions, Westbrook and
Dryer mechanism ™ The 3D double-predsion psendo-transient
coupled solver was wied with an initial peevdo-time step of 0L001 5
for the first 30 iterations, followed by 0.1 & for the remainder of the
caleulation. Second-order discrettration schemes were used for all
equations apart from the discrete ordinates model, which remaing a5
the default setting of first order. Relwation factors are kept a5 the
defuult settings, with the exception of the reduction of the spedes
relimtion factor from 073 to 0.5 and the discrete partice phase
rebition factor from 0% to 025 The solver is set to run wntil Al
residusls were reduced below 1077 to ensure that all vadables
monitored concurently with the solution procedure; including
tem perature, velodty, and madion mte vadables were entirely stable
and unchanging with further iterations. This overall dntegy emured
that all cases could be solved with a steady reduction in reddoals
without divergence.

3. RESULTS AND DISCUSSION

3.1. Ignition Analysis. Figure 1 shows the TGA-measured
ignition temperature as a function of the Yallourn char blending

530
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Figure L Ignition temperature of blends by TGAL

ratio at a heating rate of 10 *C/min. The ignition temperature
generally increases with increasing Yallourn char content This
is due to the lower VM percent in the Yallourn char sample.
However, the igniton temperature of blends increases
nonlinearly with a reduced VM content in the coals To
some degree, this is to be expected and could be predicted on
the basiz of the burnout of the pure coal or char. If the parent
fuek do not interact in the blend, the fuel with the lower
ignition temperature will still have the opportunity to ignite
inde pendently. Therefore, this can be an advantage specific to
heterogeneous fuels. Simulated curves are also shown in Figure
1 for ignition of the blends based on the weighted averaging of
the burnout of the pure coal/char. These simulated curves
predict the ignition point that would be measured if the blends
do not interact in the TGA Clearly, the experimental results
show that, for both YC-1 and YC-2 blends, the predicted
ignition temperature & lower than the simulated predictions.
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Therefore, a weighted average of each respective coal ignition
temperature is non-additive. A synergistic interaction could be
due to the catalytic effet of minerals in Yallourn ooal char,
which is rich in Fe and alkaline earth metals. With resped to
the difference between the two chars, it is obvious that the
inrease extent for the blending of YC-1 with PCI coal is much
lower than that of YC-2, although they bear a similar volatile
content, as evident in Table 2. For the use of YC-1 char, the
ignition temperature was only increased by around 13 *C upon
the shift from pure PCI oal to pure YC-1 char. The use of up
to 40 wt % YC-1 cused little change on the ignition
temperature. The physical properties of the two chars are not
the affecting factors, becanse YC-2 char i indeed more porous
than its counterpart, as evident in Table 3. It is most likely that
¥C-1 holds a distingt carbonaceous structure, which is dearly
mare reactive and prone to ignite heterogeneously. With regard
to the use of YC-2 char, Figure 1 suggests that its blending ratio
for YC-2 has to be limited to a maximum of 20 wt %; otherwize,
the ignition for the coal—char blend would be delayed
considerably, by a rise of the ignition tempemture from 405
*C for pure PCI coal to 431 *C for 40 wt % YC-2 in the blend
and as high as 503 *C for pure YC-2.

Figure 2 further plotted the comelation between the blend
ignition temperature and its volatile content, which was

¥C-1 PCI bdand

san ] ™ ¥G-2 PCI blend
_ . ® Y31 pure samples
& & YO-2 pure samples
E— EELE < PGl coal
2
m
0 460~
=1
E
B a4n
c
g
E‘un- % o

. B
400+

4 & B 0 1z 12 16 1a = 22
Volatile content [ oh)

Figrure 2. Effect of VM on the ignition temperature in TGA

calculated by a linear combination of the volatile contents in
the two pure fuels. It is evident that a nonlinear correlation
exists between the ignition temperature and volatile content. In
addition, the trend for YC-1 and ¥YC-2 chars (from different size
fraction groups) has their own dependencies of the ignition
temperature on the wolatile content The degree to which the
ignition temperature will depend upon the volatile content is
greater for YC-1 than YC-2, indiated by the steeper curve. To
reiterate, this supports the importance of the char structure on
its reactivity.

The direct observation of coal/char ignition in the FFER
employing a very fast heating rate in Figure 3 shows an
agreement with the ignition behavior for coal blends observed
in TGA. That is, the ignition for coal=char blends was
unaffected by blending at low ratios (up to 20%). A clear
deaease on the ignition time is obvious upon inceasing the
char blending ratio. Although the coal/char partides are fed
continuously into the FFBR, they are supposed to have little
interparticle interaction. Similar to that observed in TGA
employing a very slow heating rate and the use of preloaded

Fraction of ¥YC-1 char

40%

' % B0% BD%
Fractinn of ¥C-2 char

Figure 3. Effedt of the blend ratio on the flame strudure for YC-1
[luP} and YC-2 [bullum}.

samples with only a small amount, YC-2 blends show a larger
ignition delay than for YC-1 blends. The flames for the blends
using YC-2 char are discontinuous, indicative of the difficulty
for their ignition. For YC-1, blends of 60% and below showed
similar flame length and ignition points to those of PCI coal In
contrast, increasing the amount of YC-2 will drastically increase
the ignition distance/time after 4% and inaease the flame
length.

Figure 4 further quantifies the ignition time a5 a function of
the Yallourn char blending ratio. Cleady, the ignition delay for
blending YC-1 with PCI coal is less obvious. The use of up to
40 wt % YC-1 char resulted in the same ignition time with the
pure PCI coal. Such an observation is in line with the TGA
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Figure 4. Ignition time for cdhar blends as measured in the flat-flame
burner.
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results (in Figure 1) using a very slow heating rate. On the
other hand, the use of 2 madmum of 20 wt % iz only allowed
for the YC-2 char; otherwise, the ignition would be delayed
considerably. Such a finding is also consistent with the TGA
results in Figure 1. As was performed previously for the ignition
temperature in TGA, the melationship between the ignition
delay and volatie content is illustrated in Figure 5. Similady,

o ¥Z-1 PCI blend
120 o ¥C-2 PCI blend
w T~ pura samplias
100 . ®  ¥C-2 pure samplas
— PCl coal
-E.. Bl -
H |
E - 1
-
5 - T |
= o] 8
B ¥ a .
1 I 1
20_
T ——

Volatile matter (% db)

Figure 5. Effect of the VM content on the ignition delay in the flat-
flame burner.

the ignition delay will decrease with the woltile content
although this relationship is not linear for blends. Moreover, by
comparison of Figures 5 and 2, one can see that the discrepancy
between the curves for the two dhars in FFBR & rather narrow
and their error bars even overhp one another. This & an
indicator of the strong influence of the partide heating rate on
ite ignition. Upon a very fast heating rate in the FFBR, the
heterogeneous ignition could occur once the char particles are
injected into the hot gas stream. This is evident by the
appearance of individual sparkling spots near the burner base in
Figure 3. In other words, the influence of the carbonaceous
structure on the cal—char Hend ignition should be marginal in
an industrial blast furnace. At least, its influence is less
signifimnt than the particle heating rate. In addition, from
Figure 5, it can be seen that 14 wt % is the minimum volatile
content in the coal—dhar blend, causing litle change on the
ignition time compared to the pure PCI coal. Such a volatile
content coresponds to a maximum of ~40 wt % Yallourn char
to be mixed with the PCI coal.

3.2. DTF Experimental Results. Figure 6 shows the
burnout results for YC-1 dhar blended with PCI coal at six
ratios, in different O,/C ratios, 1000 *C, and a gas residence
time of L4 s. As seen, although the Hending of 20 wt % YC-1
lowered the burnout, irrespective of the O/C ratio, the
blending ratio of 80 wt % YC-2 char clearly gave the best
burnout at every O,/C ratio. Such a finding & apparently
contradictory to the ignition results discussed above. One
probable mason is the large experimental error related to
partide feeding in the DTF system. The ¥C-1 char was found
to be strongly sticky and electrostatic, which largely slowed its
feeding rate.

The results for YC-2 coal=char blends in Figure 7 are much
maore reasonable, showing a clearer trend for the burnout versus
0, /C ratio, furnace tempemture, and char blending mtio as
well. This i because the feeding problem does not exist for the
¥ (-2 char, as observed during the experiments. Except 800 °C,

¥C-1 in biendg
100 P — 0%
Py e . 20%
P Sk iy -
wl T P " A 40%
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5 604 A 100% |
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08 08 10 12 14 16 18 20
0,/C ratio

Figure & Burnout in the DTF for different blends for YC-1.

the blending ratio of YC-2 char iz clearly less significant At
each tempemture, the O,/C mtic dependence trends for
different blends overlap signifiantly. Badk to the previous
conclusion, for a madmum 40 wt % allowable blending ratio for
YC-2 char in terms of ignition, it is apparent that the later char
oxdation step for the blended combustion, irrespedtive of the
char blending ratio, was occurting faster than the single PCI
coal char. One reason could stil be the interparticle heat
feedback between char and PCI coal particles. The fast ignition
of PCI volatiles induced the heating and heterogeneous
ignition /oxidation of char, which, in turn, released more heat
(as a result of its lrger calorific value) to accelerate the
omdation of PCI char. For these two temperatures, increasing
the 0,/C molar mtio sbove 12 is clearly beneficial in
promating the burnout dose to completion. With regard to
the lowest temperature examined here, 800 *C, the combustion
rate, irrespective of the blending ratio, is very low, thereby
requiring an (,/C mtio above 16 to achieve a close-to-
completion burnout. Interestingly, the 20 wt % ratio for YC-2
shows the least burnout, even at an O, /C ratio as high as L6
whereas the use of 60 wt % YC-2 char was even able to achieve
a burnout close to 95 wt % at the same 0,/C ratio. This
indicates that the ignition delay i insignificant in affecting the
final burnowt rate for the coal—char Hends. One reason could
be due to the relatively long residence time (1.4 =) used here.

3.3. CFD Modeling Prediction. 3.3.7. Influences of the
0,/C Ratio, Blending Ratio, and Fumace Temperature
Beause the experimental conditions in the DTF are difficult to
control, in most cases, changing only one wvariable was
unavailable for the DTF system. For instance, the calibration
curve between the coal feeding rate and the voltage for the
piezoelectric feeder varies bmadly for different Hends, and
hence, the influence of individual parameters iz dificult to be
assessed. In this sense, CFD modeling has been conducted to
manipulate the experimenta conditions to assess the influence
of individual variables. The use of this model was validated by
comparison of burnout and exit O, percent in flue gas with the
respective values predicted by the CFD model. Figure 8 shows
a reasonable agreement between these values given the variable
nature of the DTFE.

Figure 9 shows the effect of the temperature on the burnout
for both Yallourn char samples at three O./C ratios. At the
lowest O4/C ratio of (L85, in which O, is msufficient, YC-1
blends show more comparable burnout for different blending
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ratios, especially at the temperatures of 900 “C and above. At
800 *C, the burnout was slightly deaeased from the blending

ratio of 40 wt % for YC-1. In combination with the ignition
results, it is evident that the overal bumout was slightly
negated by the initial ignition delayy. However, such a delay is
mrivial and even negligible, which indicates the comparable/
similar reaction rate for YC-1 char with the PCI oal at such a
low furnace tempemture. Consequently, these two fuels burned
rather concurrently in the furnace. Upon inreasing the furnace
temperature to 900 and 1000 “C that is identical with the FFER
temperature, the initial ignition delay, as observed in Figures
=35, was non-influential in the final burnout rate. Again, this
should be due to the interparticle heat feedbad: that accelerated
the YC-1 char ignition and oxidation rate. In other words, the
heterogeneous oxidation of YC-1 should overlap greatly with
the initial ignition stage rather than in a consecutive mode. In
contrast, the results observed for the YC-2 char showed a
stronger dependence of burnout upon the blending ratio at 800
and even 900 “C. This further supports a lower reactivity for
YC-2 char than the PCI oal. Therefore, blending YC-2 char
into the PCI ooal provided a heat sink effect on the ignition and
burnout. A maximum bending ratio of 20 wt % was further
confrmed for the YC-2 char at 800 °C, which is consistent with
the ignition results discussed above.

The results observed at a stoichiometric O,/C molar mtio of
L0 show a similar trend for both chars with their respective
results at the lowest O/ C molar matio of 0.85 The effect of the
blending ratio is much weaker for YC-1 char, even at 800 “C.
This further substantiates a strong overlapping between
different steps for the combustion of YC-1 char and PCI coal
blends, particularly at the temperatures from 900 “C onward. In
contrast, the different steps took place rather consecutively at
800 “C. This is particularly the case for YC-2 char, which has a
slower ignition and also a Jower reactivity. Therefore, its heat
sink effect iz stronger. The 800 “C results for YC-2 char blends
are rather linear versus the blending ratio.
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Figure 9. Efiect of the blend matio and temperature on the bumout at three Oy/C ratics for YC-1 (left) and YC-2 (right).

Increasing the O, /C ratio to 1.2 closed the discrepancy in the
burnout between blends and pure PCI coal from 900 “C and
above for YC-1 char and 1000 *C and above for YC-2 char. At
800 “C, the burnout of the blends stll depended upon the
blending ratio, even for YC-1 char. This iz due to the reaction
control for the combustion at such a low temperature. The
inherent reactivity (or the nature) of the fuel is more important
than the O, partial pressure in the furnace. Upon the increase
inthe furnace temperature, the overal burnout gradually moves
to the diffusion control regime; therefore, the nature of the
blends iz insignificant. In other words, using a higher 0,/C
ratio for oxygen-enriched combustion and a blast temperature
above 1000 °C cn eliminate the dependence of the overall
burnout upon the char blending ratio.

33.2. Influence of the Gas Residence Time Becuse the
residence time in a blast furnace is very short, effort was further
made by evaluating the burnout at a shorter residence time in
the DTF, 0.8 = The results are shown in Figure 10 for three
0/C molar ratios for two chars at varying blending ratios. For
comparison, the respective results for the residence time of 1.4
s were also included here. With respect to YC-1 char at the
lowest O/ C ratio of (L85, its results observed at 0.8 s are very
similar to the longer residence time of 1.4 5, except for a dearer
deaease on the overall burnout upon increasing the char
blending ratio at 1000 “C. The decrease on the burnout is more

obvious upon the blending of YC-2 at 1000 “C and 0.8 = Such
a descending trend also reflects the ignition results ohserved in
Figures 1=35, further proving our previously mentioned
hypothesis that the ignition delay mainly exerted its effect on
the initial stage, whereas the later char oxidation stage was
accelerated upon the blending of char and PCI coal For the
YC-2 char, its negative effect on the ovemll burnout & even
discernible at 1200 °C in (L8 5. This substantiates the strong
heat sink impact of YC-2 char, which has a much lower
reactivity and, thus, failed to syn dhronize with PCI coal in terms
of combustion.

Similar phenomena were observed for the two chars a the
stoichiometric O,/C ratio of L0, In particular, the use of a
furnace temperature of 1200 “C & essential to eliminate the
negative heat sink effect of YC-2 char at a short residence time
of 0.8 =. Such a conclusion is further stengthened at the
excessive 0,/C molar ratio of 1.2,

3.4. Particle Temperature Profile. The temperature
contours in Figure 11 show how the temperature shifts along
the reactor from the injection point as the blend ratio increases
for both YC-1 and YC-2 for a fxed condition, furnace
temperature of 1000 °C, and O4/C mtio of L0 The heat
sink effect of YC-1 char, although it is not very strong, is =till
influential at the initia paticle heating and volatile ignition
stage. That is, upon the blending of char, the total volatile
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Figure 10. Efect of the blend ratio and residence time on the bumout at three oxygen/carbon ratios for YC-1 (left) and YC-2 (right ).

concentration will be lower. Consequently, the particles remain
hot and glowing, whereas their ignition was delayed. This is
suppaorted by the ignition flame in Figure 3 and a gradual
decrease on the ignition position in the CFD temperature
contour in Figure 11. Similar results were predicted for the YC-
2 char. ks diluton effect (for heat sink) & more obvious,
leading to a greater decrease on the flame front position and the
intensity of flame as well Also, similar to the ignition results in
Figure 3, for both char blends, the delay in the flame position
shifte gradualy with increasing the char content at low blend
ratios while having a more noticeable delay in ignition above a
60% blend.

Figure 12 further illustrates the average temperature for each
distance away from the injector of the reactor for YC-1 and YC-
2 chars under the same condition. For either YC-1 or YC-2
char, increasing its blending ratio leads to a gradual decrease in
the partide tempemture before 0.15 m, which refes to the
partide heating and ignition stage. The peak temperature was
demeased considerably at the distance of 0L15=0.2 m for the
flame propagation regime. All of the blends with YC-1 char
produced a marginal drop within 20 °C, while for YC-3,
inreasing to only a 60% blending ratio will decrease the
temperature by the same amount. Such a temperature gap
should be mainly caused by the heat sink effect of YC-2 char,
which is difficult to ignite and burn. Above an 80% blend for
YC-2, there is a slight inoease in the peak temperature because

1866 D08 1002 Vs,

the char will combust in the same location further from the
injector than for PCI coal. The distance to the peak
temperature confirms a rather dose relationship for all of the
¥C-1 blends, varying only 0,04 m between pure PCI coal and
pure ¥C-1 (denoting the heterogeneous char axidation stage)
onward. This is strong evidence of the comparable reactivity of
PCI char and YC-1 char and their concurrent oxidation. On the
contrary, the peak gas temperature varies broadly with the YC-2
blending ratio, extending the distance to the peak temperature
by 0,06 m, further indicating its strong dilution and heat sink
effect. This further suggests that optimizing the brown ooal
pyrolysis conditions is critical in maximizing the blending
performance of the resultant char under the blast furnace
combustion conditions,

4, CONCLUSION

Through the joint efforts on experimental inwvestigation and
CFD modeling, the combustion performance of two Yalourn
chars, produced under different pymlysis conditions, has been
evaluated by blending it with a commercial PCI coal under
different ratios. The influences of the furnace temperature and
0, /C molar ratio were ako assessed. The ignition of coal—char
blends at both slow and fast heating rates were also diagnosed.
The major conclusions can be drawn as follows: (1) According
to the particle ignition time, a madimum of 40 wt % is allowable
for YC-1 char, which is comparably reactive with the
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Figure 11. Contourss of tempersture for YC-1 (top) and YC-2
(bottom) blends at 1000 °C and Oy/C ratio of L0,

commercial PCI coal. However, a maximum of 20 wt % & only
allowed for YC-2, which is less reactive. The negative heat sink
effect of YC-2 char is influential, whereas the heterogeneous
ignition of YC-1 overlapped considerably with the ignition of
PCI coal, which is mainly in the homogeneous gas phase. (2)
Acconding to the burnout rate observed by DTF experiments
and CFD modeling, the later char oxidation rate was
accelerated greatly for the PCI coal blended with YC-1,
imespective of its blending ratio. In contrast, the heat sink effect
is more obvious for YC-2, the increase on the blending ratio of
which greatly decreased the overall burnout rate, especialy at
low furnace temperatures (800 and 900 “C) and a shorter
residence time, such as 0.8 s. (3) For YC-1 char, its blending
ratio is insignifiant in the overall burnout. Increasing the
furnace temperature to 1000 °C and the O,/C ratio to 1.2 can
assist in achieving a nearly complete burnout for al of its
blends, even at a short residence time of 0.8 s. In contrast, for
YC-2 char, a furnace temperature of 1200 *C and O,/ C ratio of
1.2 are essential to complete the burnout of all of its blends. (4)
The Yallourn pyrolysis conditions for the preparation of its char
are critical. A good synergistic interaction between Yallourn
char and commerdal PCI coal in terms of reactivity & also
essential for a broad hlending ratio to be used in the blast
farnace.
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Figure 12, Eflect of the blend ratio on the gas temperature profile for
YC-1 {top) and YC-2 (bottom) blends at 1000 “C and 0/C ratio of
10
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