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ABSTRACT

The consistent use of coal as a fuel source for power generation results in the significant
emission of greenhouse gases into the environment. Using a low-rank coal, such as
Victorian brown coal, results in a much higher CO2 emission rate. Oxy-fuel combustion is
identified as the promising CO> abatement technology for cleaner coal combustion. With
the replacement of air with the mixture of high-purity oxygen and flue gas, the overall
process is nitrogen-lean and can generate a flue gas ready that is rich in CO2and ready for
carbon capture and storage (CCS). Due to the altered ignition and combustion feature of

coal under this environment, the oxy-fuel burner has to be re-designed.

With the construction and testing in various pilot-scale and demonstration-scale power
plant, oxy-fuel combustion has been progressively advancing in recent years. However,
most of these studies were centred towards the use of black coal as the main fuel source.
Therefore, Victorian brown coal (VBC) is highlighted in this thesis due to the limited
knowledge for its oxy-fuel combustion. VBC also possesses distinct properties and also
burns distinctively from other coal. Although coal ignition has been widely studied, the
impact of alkali and alkaline earth metal (AAEM) species and moisture, which are
abundant in brown coal, are scarcely reported. The AAEM species are responsible for
notorious slagging and fouling in the boiler which can be subsided via the injection of
fuel additives. Additionally, the recirculation of flue gas is also likely to increase the
overall steam concentration in the furnace. Understand of all these impacts on VBC
ignition are essential for the deployment of oxy-fuel combustion in Latrobe Valley,

Victoria.

The scope of this research involves both experimental and modeling studies. For the
experimental aspects of this research, a bench-scale entrained flow reactor with flat flame
burner is commissioned for ignition study. Using an advance in-situ non-intrusive
diagnostics facility, coal ignition behavior is captured in a series of photograph to
elucidate the transient phenomena occurring during the particle heat up, devolatilisation
and ignition. For the modeling approach, series of mathematical equations for coal
combustion are written in MATLAB, including a single-film model to quantitatively
describe the contribution of the two gasification reactions on char burnout and a transient

XXi



ignition model for the ignition of dense particle stream. The calculated results are

validatedby experimental measurements.

The first part of this research involves the investigation of the effect of AAEM species on
coal ignition. The Chinese lignite from Xinjiang, which is rich in AAEM species, is used
for this experiment. Further to that, ignition of coal upon the addition of kaolinite and the
removal of AAEMare also investigated. The injection of kaolinite has a negligible effect
on coal ignition but enhances the volatile decomposition rate. With the removal of AAEM
species, the demineralised coal ignitesconsiderably slower. This delay, however, can be

eliminated by increasing the oxygen concentration to 30% in oxy-firing mode.

Following that, the second distinct property in brown coal, abundant inherent moisture, is
studied. Victorian brown coal with differing moisture content from 12% to 30% is
prepared. It was later found that the coal ignition can occur although moisture in brown
coal is not completely evaporated. This remaining moisture, referred to as inherent
moisture, exerts influence on the subsequent devolatilisation and char combustion rate.
Nonetheless, wet brown coal still ignites slightly later compared to its air-dried
counterpart. An oxygen concentration of 30% in oxy-firing was also found sufficient to

compensate for the detrimental effect of the inherent moisture on coal ignition.

Next, the impact of the remaining moisture is investigated during char combustion
process. From a modeling approach, it has been clarified that the un-evaporated moisture
in wet coal is further released with the volatiles simultaneously in the air-firing mode. On
the other hand, a portion of the inherent moisture still remains even after coal
devolatilisation in the oxy-firing case. This residing moisture on particle surface later
triggers a char-steam gasification reaction and its contribution is quantified through the
modeling study in MATLAB.

Finally, this research concludes with the ignition study of dense particle stream as means
to extend these results to a real pulverized coal-fired burner. Here, it is more interesting to
evaluate the effect of elevated steam concentration in the flue gas rather than evaluating
the effect of the inherent moisture in the raw coal. Surprisingly, a faster ignition under

the steam-rich condition was revealed from this research. This is later confirmed from
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modeling approach that the homogenous water-gas shift reaction is influential in

accelerating the ignition of the volatiles released from Victorian brown coal.

In summary, this thesis has identified a number of distinctfeatures associated with the
ignition and burnout of Victorian brown coal in the oxy-fuel combustion mode. Some of
these findings can be further extended to commercial software for industrial applications.
This research ultimately provides a clearer picture on ignition behavior of Victorian

brown coal that is essential to develop an oxy-fuel burner.
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1 INTRODUCTION

Globally, coal is one of the most widely distributed energy source with recoverable
reserves. Coal-firing power stations are also known to be a major contributor to carbon
dioxide (CO.) emission. In Victoria, brown coal is the main energy source for electricity
generation, which accounts for nearly 90% of electricity demand in the State (SGV, 2015).
Its consumption in Victoria’s coal-fired power stations contributes approximately 18% of
the total greenhouse gas emission in Australia (ABS, 2011). Although oxy-fuel
combustion has emerged as a promising technology to reduce CO> emission from coal
power stations via CO> capture and sequestration, the combustion behavior of brown coal
under the oxy-fuel combustion is still unclear. As brown coal is widely considered as an
alternative fuel to black coal, the applicability of brown coal in oxy-fuel combustion
needs to be thoroughly accessed. The successful commissioning of the oxy-fuel
combustion technology for brown coal can produce electricity in an environmental
friendly manner in the long term. The applicability of the oxy-fuel combustion system
and its techno-economic analysis has been investigated in-depth through numerous
researches(Buhre, 2005, Toftegaard, 2010, Scheffknecht, 2011, Chen, 2012). However,
the fundamental issue on brown coal, such as ignition, has not been widely studied.
Understanding brown coal ignition behaviour under oxy-fuel combustion will provide a
significant contribution to the design of oxy-fuel burners, which is an important
parameter to control the flame stability. Therefore, this thesis aims to examine the
ignition characteristic of brown coal under the condition that is typically encountered in

the oxy-fuel combustion mode.

This chapter is made up of ten sections. Section 1.1 provides an overview of the coal and
the demand for brown coal as an alternative energy source. Section 1.2 discusses options
of clean coal technology and the advantages of oxy-fuel combustion. Section 1-3 is a
review on the progression of oxy-fuel combustion development. Section 1.4 assesses the
techno-economic study of oxy-fuel combustion. Section 1.5 describes the highlights of
brown coal combustion characteristics in oxy-fuel combustion and its techno-economic
study. Section 1.6 identifies the significance of ignition study for oxy-fuel burner design.

The motivations for this research are addressed in Section 1.7. Section 1.8 states the key
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focus of this research and expected contribution from this thesis. Section 1.9 outlines the
research frameworks. This chapter concludes with a summary of thesis structure in
Section 1.10.

1.1  Background

The wild population and economic growth in the recent decade have induced a significant
increase in the world’s energy demands. The report by U.S Department of Energy shows
the projection of world energy consumption over the time, based on a selection of
available energy sources (EIA, 2010). As illustrated in figure 1-1, the global energy
consumption is expected to increase by 80%, from 400 quadrillion Btu in 1990 to 725
quadrillion Btu in 2035. Fossil fuels, such as coal, natural gas and liquid petroleum, are
the main energy sources, supplying almost 80% of the total world energy demand
between 1990 and 2035. Of all types of fossil fuels, liquid fuels are expected to remain as
the largest sources of energy for the next two decades, although their world-wide share of
energy consumption is likely to decline from 35% in 2007 to 30% in 2035. On the other
hand, the demand for coal will escalate over time, particularly due to the quick growth in
China’s coal industry. Out of the total fossil fuel usage, coal powers 37% of the total
energy demand in 2015, and will remain as the popular choice for the power generation

industry towards 2035.
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Figure 1-1 Total world energy demand (Quadrillion Btu per year) by fuel types from 1990-2035,
taken from (EIA, 2010)
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From IEO2011, the total world recoverable coal resources are abundant. As detailed in
table 1-1, the coal reserves that are economically exploitable with current technology
amounted to approximately 948 billion tonnes, equivalent to the 126.3 years of global
energy output in 2011 (IEO, 2011). The large reserves-to-consumption ratio for coals
indicates that sufficient coals will be available to meet the global energy demand in the
long-term. Furthermore, the estimation on the total recoverable coal resources can
increase substantially as mining technology improves and additional geological
assessments of the coal resource base are completed. By coal rank basis, 78% of the total
coal reserves are constituted from hard coal; anthracite, bituminous and sub-bituminous
coal. Of all the total recoverable coal resources, 10% are located in Australia/ New
Zealand, which makes it the fifth largest coal producer in the world. Having substantial
coal reserves in this region, Australia relies heavily on coal as the main source of energy,
with 69% of the nation’s electricity requirement is currently supplied by coal-fired power
plant.

Table 1-1 World recoverable coal reserves as of 1st January 2010 (billions tonnes), adapted
from (IEO, 2011)
Recoverable reserves by coal rank
Bituminous 2008

Reserves-to-

Region/ Country and Subbituminous  Lignite Total production pr_oductlon
. ratio (Years)
Anthracite
World total 445.7 287.0 215.3 948.0 7.5 126.3
United States? 119.2 108.2 33.2 260.6 1.2 222.3
Russia 54.1 107.4 115 173.1 0.3 514.9
China 68.6 37.1 20.5 126.2 3.1 40.9
Other non-OECD 42.2 19.1 401 1014 0.3 291.9
Europe and Eurasia
Australia and New 40.9 25 414 848 0.4 191.1
Zealand
India 61.8 0.0 5.0 66.8 0.6 117.5
OECD Europe 6.2 0.8 54.3 61.3 0.7 94.2
Africa 34.7 0.2 0.0 36.9 0.3 123.3
Other non-OECD 3.9 3.9 68 147 0.4 34.4
Asia
Other Central and
South America 7.6 1.0 0.0 8.6 0.1 95.8
Canada 3.8 1.0 2.5 7.3 0.1 97.2
Brazil 0.0 5.0 0.0 5.0 0.0 689.5
Other® 2.6 0.6 0.1 3.4 0.0 184.5

aData for the U.S. represent recoverable coal estimates as of January 1, 2010
bIncludes Mexico, Middle east, Japan and South Korea.
Sources: World Energy Council and EIA
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Black coal, generally known as bituminous coal, is commonly used in coal-fired power
stations for the purpose of electricity generation. As coal is a fossil fuel that is normally
formed by decomposition of land plants over a million years, the rapid utilization of coal
will result in the depletion of coal reserves. For instance, the demand for coal in Asia
Pacific rose significantly in the recent years, from 500 million tonnes oil equivalent (Mtoe)
in 1980 to 2000 Mtoe in 2010, as shown in figure 1-2(Hasegawa, 2013). Therefore, the
coal reserve-to-production ratio will decrease remarkably and is expected to last for only
another 110 years from now. Consequently, mining operations start to experience
difficulties in reaching deeper coal seams, resulting in an upsurge of black coal prices in
the global market. This has urged coal power stations to consider brown coal as an
alternative fuels. Although brown coal is not commonly used in coal-fired power stations,
it is vital in the energy sector of some countries and regions, where brown coal may be
the only indigenous energy resources, such as Germany and Victoria, Australia. With an
abundance of lignite occurring in the thick seams close to the earth surface, Victoria is

home to one of the largest and lowest cost energy sources in the world.

Brown coal in Australia is naturally located in three major tertiary basins in the state of
Victoria; the Murray Basin, the Otway Basin and the Gippsland Basin. The total
recoverable brown coal reserves in these regions account for approximately 100,000
million tonnes (Mt) (Li, 2004). In 2013-2014 alone, the total production of brown coal in
Victoria amounted to 57.8Mt (SGV, 2015). These abundant brown coal reserves are
expected to last for approximately 500 years, based on the current brown coal utilization
rate. In addition, the comparison between the Victorian brown coal (VBC) with lignite
from other countries also indicates the brown coal reserves in Victoria are of the highest
quality in the world (Barton, 1993).
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Figure 1-2 World coal consumption by region and reserve-to-production ratio by the end of
2010, adapted from (Hasegawa, 2013)

The properties of various brown coal mined from different parts of the globe are shown in
table 1-2(Li, 2004, Liu, 2012, Prationo, 2014, Young, 1988). Generally, brown coal has
less organic carbon content, higher moisture content, lower in ash and sulphur and is of
poorer quality than black coal. The high moisture content of brown coal, up to 70% water,
means that long-term transportation is not viable and also generates less energy compared
to black coal. Accordingly, using brown coal in coal-fired power stations contributes to
higher greenhouse gas emissionsin order to meet the energy requirement rather than using
black coal. While brown coal procures numerous problems in its utilization, it has been
used in the nearby coal power station in Latrobe Valley, which has operated since the
1920s and generates nearly 90% of the total state’s electricity demand (Li, 2004). Based
on the data summarized by the Australian Bureau of Statistics, Victoria generated third
highest carbon dioxide equivalent emissions of all states in 2009, producing up to 22.5%
of total emissions in Australia. Of the total CO, emission in Victoria, energy productions
account for 84.4% (ABS, 2011). The escalated brown coal consumption will intensify the
rate of CO2 emission unless carbon capture and storage (CCS) technologies are
implemented. Therefore, there is a need to develop CCS technology for cleaner brown

coal utilisation to achieve the sustainable future.
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Table 1-2 Proximate and Ultimate analysis of brown coal from Australia, China, Germany and
Indonesia (Li, 2004; Liu, 2012; Prationo, 2014; Young, 1988)

Properties Australia (Loy China US (Beulah) Indonesia
Yang) (XinJiang)
Moisture, % (ar) 62.5 19.1 33.4 24.06
Ash, % (db) 15 5 9.6 3.1

Volatiles, % (db) 51.3 30.77 56 48.1
Fixed carbon, % (db) 47.2 64.2 34.4 48.8
C, % (daf) 65.7 66.7 56.8 7151
H, % (daf) 6.8 4.7 4.1 4.97
N, % (daf) 0.6 0.6 1.1 1.03
S, % (daf) 0.5 0.3 0.7 0.24
O (by-difference), % (daf) 25.8 21.7 15.8 22.25

1.2 Oxy-fuel combustion as a promising CCS technology

As illustrated in figure 1-3, there are three commonly considered CCS technologies,
namely, post-combustion capture, pre-combustion capture, and oxy-fuel combustion
(IPCC, 2005). In a post-combustion capture (PCC) process, the CO, from flue/exhaust
gas from power plant is captured by means of chemical absorption, mainly via amine
absorption using either ammonia-containing or alkali-containing solvents. However, the
cost of solvents, including the solvent regeneration process and cooling, is high and
energy intensive (Davison, 2007, Varagani, 2005, Wall, 2007). The second option, pre-
combustion capture, commonly known as Integrated-Gasification-Combined-Cycle
(IGCC), refers to electricity generation via gasification of coal with a mixture of
oxygen/steam to produce flue gas mixtures of carbon monoxide (CO) and hydrogen (H>).
However, the gas separation technology to produce CO2-rich stream requires enormous
energy and electricity. Moreover, the overall process is complex and high in capital costs
(Kanniche, 2010, McDonald, 2008). Lastly, in the oxy-fuel combustion process, the high-
purity oxygen, which is generated from air-separation units (ASU), is mixed with the flue
gas recycled (FGR) from the furnace and used as an oxidizing agent for coal combustion
instead of air. Subsequently, the resulting flue/exhaust gas consists of CO2, water vapour
and trace amount of emission gases, such as NOx and SOx. By eliminating the majority of
nitrogen from the oxidant gas stream, it is possible to produce a CO,-concentrated flue

gas after water and other impurities have been removed.
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Figure 1-3 CO; capture options (IPCC, 2005)

Among these three options, the oxy-fuel combustion is the most promising solution to
generate highly concentrated CO. streams in the flue gas for easier capture and storage of
CO2(Buhre, 2005, Chen, 2012, Toftegaard, 2010, Wall, 2009). Compared with other CCS
technologies, oxy-fuel combustion is simple, elegant and readily available technology.
This differs from post-combustion capture, where an addition of major chemical process
for CO capture is required, and pre-combustion capture, where the technology itself is
still relatively new (Zheng, 2011). Figure 1-4 illustrates the oxy-fuel combustion process
based on a conventional power plant steam cycle (Hackett, 2015). As the major
components of oxy- fuel combustion, i.e air-separation and coal combustion, are mature
technologies that have been extensively employed, the retraining requirement for
personnel and costs are minimal. Furthermore, the absence of nitrogen from the process
also reduces the rate of NOx emission and amount of flue gas volume to one-quarter or
one-fifth to that of air-combustion (Wall, 2007, Wall, 2009). Subsequently, much smaller
flue gas emissions control equipment is required in oxy-fuel combustion, which
substantially reduces capital and annual operating costs (White, 2009, Zheng, 2011). In
addition to these advantages, oxy-fuel combustion operation is also highly flexible and
able to operate in dual-firing capability, which provides the possibility to switch to air-

firing mode in order to meet peak load demand. The remainder of this chapter will mainly
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discuss the progress and feasibility of oxy-fuel combustion technology, particularly for

brown coal.
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Figure 1-4 Oxy-Fuel Combustion Process from (Hackett, 2015)

1.3  State-of-the-art of oxy-fuel combustion

Even before the concern regarding CO2 emission arose, forms of oxy-fuel combustion
had been applied in different industry sectors, including glass melting furnaces, steel
scrap melting, aluminium melting furnaces, copper smelting, hazardous waste
incinerators and lead melting furnaces. Initially introduced in 1970s, an oxidizer stream
containing oxygen concentration higher than 21% was widely applied in glass and metal
industries because of its advantages in NOx reduction and cost effectiveness (Baukal,
1998, Santos, 2005, Tsuji, 2003). However, with the complete removal of nitrogen from
the process, although it can generate a highly-concentrated CO; stream, it is likely to
result in furnace material failure, as illustrated in figure 1-5(Chen, 2012). In oxy-fuel
combustion application for CCS, the COz-concentrated flue gas from the combustion
stack-gas is typically used to replace air in the furnace and to control the combustion
temperature. This idea was first proposed in 1982 for the purpose of enhanced oil
recovery (EOR) in depleted oil field using a high concentration of CO2(Abraham, 1982,
Horn, 1982).
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Figure 1-5 Schematic diagram for oxy-fuel combustion regimes as a function of oxygen mole
fraction and preheat temperature of reactant stream, adapted from (Chen, 2012)

Following this proposal, the Argonne National Laboratory (ANL) pioneered the first-ever
oxy-fuel combustion testing in a 3MW: pilot-scale test facility, focusing on its process
and combustion characteristics (Payne, 1988, Wang, 1988). The research soon led to a
renewed interest in the 1990s, where considerable contributions to understanding the
process were made by International Flame Research Foundation (IFRF), CANMET, IHI,
and other institutes through their pilot-scale facility. Figure 1-6 shows the timeline of the
oxy-fuel combustion development, including some of the notable oxy-fuel projects
around the world and recently announced demonstration plants (Wall, 2011). The
majority of the projects are pulverized coal fired, showing the centred-focus of the
research area. It can be noted that although several industrial-scale demonstrations have
operated since the 1990s, it was not until 2008 where the Vattenfall’s Schwarze Pumpe
commissioned the world’s first full-chain oxy-fuel demonstration plant. The results from
this demonstration plant were to serve as a basis for the design and operation of a
250MW; fully integrated oxy-fuel demonstration plant in Janschwaide, which was later
cancelled in 2012 due to the lack of political support for the project’s proposed CO2
storage site (Anheden, 2011, Global_CCS_Institute, 2012). Since then, more large-scale

11
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demonstrations in industrial-scale coal-fired boiler have been planned or are already

underway.
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Figure 1-6 Historical development of oxy-fuel demonstration plant, adapted from (Wall, 2011)

The next major milestone for this technology is the commissioning of Callide Oxy-Fuel
Project 3.0 in Australia, which started its operation in 2012 with FutureGen2.0 in USA to
follow in 2015. The Callide Oxy-Fuel project is the first oxy-fuel pilot plant that supplies
the generated electricity to the open market (Wall, 2011). Key results from this project
indicated CO> recovery rate of 87% from the process, which was later concentrated to
99.9% after gas cleaning and purification. Overall, the findings from Callide pilot tests
exhibited good performance over 1100 hours of operations. Part of these results will serve
as reference for FutureGen2.0 design (Beasse, 2013). The FutureGen2.0 is expected to be
the world’s first commercial scale power plant with near zero emission level totalling
$US 1.65 billion (Shah, 2014). This project is scheduled for four phases with the start-up
phase to commission between January 2014 and August 2017 (McDonald, 2012). These
projects and milestones indicate a pathway for the development of the scale of technology.

To date, no full scale demonstration plant based on this technology has been built. Due to
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the lack of demonstrations, oxy-fuel is still in the early stage of development since its

conceptualization back in 1980s.

Through the numerous tests conducted in the pilot-scale oxy-fuel facility, oxy-fuel
pulverized coal (pf)-fired technology shows promising results for its implementation in
the near future (Chui, 2003, Khare, 2008, Sarofim, 2007, Sturgeon, 2009, White, 2013).
Recent reviews also agree that oxy-fuel pf combustion is economically promising and
technologically feasible with current technology (Buhre, 2005, Molina, 2007). However,
there is still a need to address the fundamental issues before this technology can reach its
full potential and full scale operation (Toftegaard, 2010, Wall, 2009). A successful
operation of O2/CO2 combustion technology relies heavily on the understanding the
differences that result from replacing the main diluting gas in air-firing, N2 with dominant

gas in oxy-firing, COa.
1.4 Techno-economic analysis of oxy-fuel combustion

To re-iterate, a full-scale oxy-coal power plant with CO» capture and storage will consist
of four major systems, such as air-separation unit (ASU), oxy-coal steam generator
process, steam turbine cycle, and CO:z purification unit. Although oxy-fuel combustion
has been identified as the most promising CCS technology for CO, mitigation, the
decision to deploy this process in preference to others will largely be made based on a
comparative cost basis. The cost bases for power plants can vary widely depending on
fuel types, plant designs, construction prices, geographical labour rate, and other factors.
Therefore, there are enormous difficulties in an attempt to compare relevant costs
produced from different studies. The most useful cost studies are those that compare
technology options with the common baseline.

Buhre (2005) presented reviews on the techno-economic assessments on full-scale
applications of oxy-fuel combustion technology (Buhre, 2005). It was emphasized that
many uncertainties on the evaluations were identified due to lack-of commercial
experience of the process at large-scale magnitude. Most studies were based on a
comparison between oxy-fuel technology and air-combustion equipped with CO:
scrubbing facility using either Mono-Ethanol-Amine (MEA) or Methyl Diethanol-Amine
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(MDEA) (Anderssen, 2002, Marin, 2003, Okawa, 1997, Singh, 2003). In the study

covered by Chalmers University on 865MWe lignite power plant in Germany, the retrofit

of oxy-fuel combustion and CO> recovery decreased the power output and net efficiency
from 865MW and 42.6% to 623MW and 30.7%, respectively (Anderssen, 2003a,
Anderssen, 2003b, Birkestad, 2002). However, through process optimisation, it is

possible to increase the power output and net efficiency to 696.7MW and 34.3%,

respectively.

ALSTOM adopted different approaches by developing a computer simulation of oxy-fuel

combustion to evaluate technical and economic issues. The developed flow diagram is

shown in figure 1-7(Nsakala, 2001). The main findings can be summarized as follows:

e Comparable technical practicality to that of air-firing with MEA or MDEA for

COg capture

e Reduction in plant thermal efficiency from 35% in the normal air-firing to 23% in

oxy-fuel combustion, due to additional energy requirements from ASU and CO;

compression units. However, the overall plant efficiency is equivalent to that of

air-firing with post-combustion capture

e Similar CO2 recovery rate of 94% in oxy-fuel combustion to that in air-firing with

CO. capture facility.
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Figure 1-7 Process Flow Diagram (PFD) for oxy-fuel combustion with CO; capture, adapted

from (Nsakala, 2001)
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In another independent study, the Global Carbon Capture and Storage Institute (GCCSI)
reviewed the economic assessment on pulverized fuel firing of bituminous coal between
the three CCS options including the assessment of ultra-super critical steam (USC) and
advanced ultra-supercritical steam (AUSC) boiler technology. From this assessment, the
plant capital cost, levelized cost of electricity generated (COE) and cost of CO2 avoided
are listed in Table 1-3(GSSCI, 2009). The total valuation of oxy-fuel plant was
marginally lower than the capital cost for post-combustion capture and IGCC facility.
Also, the levelized COE was also approximately 7% lower than the levelized COE for
air-firing process employing the same steam cycle. In terms of the cost of CO> avoided,
oxy-coal combustion procures lowest amount of approximately US$60/ tonne of CO>
emission, compared to other CCS options. It is to be noted that the published results are
indicative, not conclusive, due to ambiguous assumptions in estimating operational costs,
such as scale-up of ASU unit, CO> purification and CO- storage costs. While these costs
and estimations cannot be considered definite, there is a promising indication that oxy-
coal technology is economically viable and is likely to be competitive with the pre- and

post-combustion capture for new power plants (Thimsen, 2011).

Table 1-3 Summary of GCCSI costing study (GSSCI, 2009)

Estimated Cost

Total plant cost 30-year levelized COE Cost of CO; avoided
(US$/KW) (US$/MWHh) (US$/tonne CO,)
USC air-firing 1900 79 -
USC air-firing, with 3400 136 88
PCC
AUSC air-firing 2000 76 -
AUSC air-firing, 3350 126 83
with PCC
Oxy-fuel USC 3185 125 60
Oxy-fuel AUSC 3190 121 63
IGCC 3345 133 78

15 Feasibility and applicability of oxy-fuel combustion

The techno-economic analysis on full-scale oxy-fuel combustion power plants has
indicated likelihood for oxy-fuel combustion as a near-zero carbon emission technology

in the future. To successfully develop oxy-combustion technology, it is necessary to study
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the combustion characteristics using a variety of coal, including brown coals. The unique
properties of brown coal, i.e. rich in alkali and alkaline earth metal (AAEM) species and
high moisture content, is expected to change the combustion characteristics in oxy-fuel

furnace due to the flue-gas recirculation system.

The first unique property of brown coal, which is abundant in brown coal and sub-
bituminous coal, is the AAEM species. During the combustion, the vaporisation of these
metals is prone to intensify the slagging and fouling propensity in the oxy-fuel boiler (Dai,
2015, Kosminski, 2006). Additionally, the presence of AAEM species, which can also act
as catalyst for coal combustion, may significantly alter the ignition and combustion
behaviour (Gupta, 1999, Wan, 2009). Furthermore, the AAEM species are also catalysts
for char-steam gasification, which may be promoted at high H.O concentration in oxy-
fuel combustion (Bayarsaikhan, 2006, Kajitani, 2010). The ash slagging problem can be
averted by the installation of soot blowers that use a high-pressure superheated steam,
saturated steam, water or compressed air to remove ash deposits (Babcock, 1978).
However, the process is energy intensive and is likely to reduce overall boiler efficiency
(Gordon, 2006). The injection of solid sorbents is another practical method to mitigate
fouling through capture of AAEM species (Gale, 2002).

Another important attribute of brown coal is its high moisture content. Its release during
the combustion is expected to significantly increase the steam concentration in the oxy-
firing furnace due to the continuous recirculation of flue gas. As illustrated in figure 1-8,
the flue gas component from the oxy-firing furnace in a 3AMW; pilot scale power plant in
China contains 35vol% steam in comparison to air-firing flue gas containing 10vol%
steam (Zhang, 2015). In another study, the results from the demonstration operation at
Callide Oxy-fuel power plant with 3 types of Australian coals also indicated higher H.O
concentration in oxy-fuel combustion, which was 2.5 times higher than the H.O
concentration obtained from systems operated in air-firing mode (YYamada, 2010). The
high H20 concentration alerts some issues in the operation of oxy-fuel furnace, including
the change of fundamental ignition behaviour and burnout, and the selection of furnace
material due to the change in the dew points of sulphuric acid in the flue gas (YYamada,
2010).
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Figure 1-8 Flue gas composition during the combustion of dried VBC in 3MWt pilot scale
power plant in oxy-firing with 27% O (Zhang, 2015)

Due to its high moisture content, the power plant system facilitating Victorian brown coal
is likely to encounter some technological challenges in order to maintain the current
power plant net thermal efficiency. In light of this, the techno-economic study has been
performed to assess the feasibility of brown coal in oxy-combustion in various design
configurations including integration of coal pre-drying process and state of the flue gas
recycle, either wet or dry. The approximated cost of electricity and cost of CO abatement
were US$100/MWh and US$50-60/ tonne of CO, respectively, which were considerably
lower compared with the estimated cost on bituminous coal shown in Section 1.5. In
terms of plant thermal efficiency, the integration of pre-drying and supercritical steam
cycle was able to compensate the energy penalty cause by ASU and CO2 compression,
with comparable net efficiency of 25-29%LHV with that in the existing power plant
process (Zhang, 2014).

1.6  Oxy-fuel burner design for applicability of VBC

Section 1.5 has indicated that oxy-fuel combustion using Victorian brown coal as a fuel is
indeed practical. As coal burns distinctively from each other due to its individual

characteristics, the design of coal-fired boiler differs depend on the type of coal used.
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Fundamentally, the particles undergo rapid heating, volatile releases, ignition and
combustion of volatiles and residual chars in the sequential order after being introduced
to the furnace. These combustion-related effects are manifest and play important roles in
practical furnace operations, including flame stability and flame shape, burner stability,
heat transfer distribution, water-wall corrosion and carbon burnout (Liu, 2005b, Liu,
2005a, Nozaki, 1996). In particular, the topic of coal ignition, including considerations of
homogeneous (gas-phase) versus heterogeneous (solid-phase) is a problem of interest and
concern over many Yyears for researchers (Essenheigh, 1989, Gururajan, 1990, Kim,
2014b, Zou, 2014). The early research on coal-dust ignition originates with concerns for
fire safety and coal mine explosions. Nevertheless, it has little relevance to the application
of flame holdings in pulverized coal (pc) burners, where high velocity streams of coal

particles turbulently are mixed with surrounding hot gases.

For application to pc-burners, the characteristic ignition delay of coal particles, which
influences coal flame stability, may be instrumental for predicting the performance of
oxy-coal burners (Khatami, 2012b, Liu, 2011). Flame stability refers to the ability of the
existing flame to remain ignited despite variations in the furnace operating condition.
Therefore, it is an important concept in burner design and operation as burners have to
stay ignited through a reasonable range of fuel and oxidizer flow characteristics and over
the range of heat release rates. In fact, the design of pc-burners for conventional air-firing
was well-established in the 1960s although the pc-combustion technologies had begun to
emerge in the early 1900s (Shan, 2011). For the oxy-combustion, the number of
independently controlled streams entering the furnace has increased by one due to the
replacement of air by oxygen and FGR. This has posed additional operational constrains
in oxy-fuel due to the change in burner aerodynamics (Beer, 1972). Furthermore,
potential use of low-oxygen concentration in the primary oxidizer stream in oxy-fuel
combustion is expected to pose further challenges for burner designers and operators to
maintain flame stability. In addition, the high moisture content in brown coal provides
additional degree of freedom in engineering the practical burner for VBC. The
implementation of integrated drying system for brown coal and wet-recycle flue gas are

also additional variables to be considered in the burner development for low-rank coal.
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1.7 Motivations

Comprehensive reviews in section 1-1 to section 1-5 have designated oxy-fuel
combustion as the most favorable CCS method for carbon mitigation. The practicality of
Victorian brown coal in oxy-combustion has also been assessed and shows promising
results. Accelerating the deployment of this technology for brown coal in the near future
involves the design of a practical burner that can generate a stable flame under oxy-
combustion atmosphere. The coal ignition characteristic has been identified as a crucial
parameter for burner design and is the main subject for investigation in this thesis.
Although many studies on the coal ignition mechanisms in oxy-fuel combustion have
been instigated, most of them focused on the black coal. Therefore, the ignition behavior
of brown coal under this combustion condition, especially with its unique properties, is
still not fully understood (Gururajan, 1990, Howard, 1967, Khatami, 2012b, Liu, 2011,
Molina, 2007, Shaddix, 2009). Thermodynamically, coal of different ranks exhibits
different combustion behavior and cannot be treated equally (Khatami, 2012b, Khatami,
2012a). Also, as most practical combustors implement dense sprays/suspensions of
particles, the ignition behavior of group particles, rather than the common single particle
study in literature (Khatami, 2012b, Rathnam, 2009, Schiemann, 2009, Shaddix, 2009,
Zhang, 2010b, Khatami, 2012a, Maffei, 2013), also needs to be investigated. The ignition
of group particles is different from the ignition of single particle since volatile reactions in
the gas phase are strongly affected by the coal concentration and total volatile yields (Liu,
2011, Lucas, 1994, Taniguchi, 2001). From literature (Buhre, 2005, Chen, 2012), some
promising research aspects in the field of oxy-fuel combustion are promoted:

e Combustion characteristics of different coal types as an integral part of

accelerating oxy-coal burner design
e Development of models for sub-processes under oxy-fuel combustion condition

e Combustion characteristics under wet recycle (O2/CO2/H,0) atmosphere

In addition, with the impending establishment of oxy-fuel technology for brown coal,
there is a pressing need to elucidate the fate of moisture and role of mineral matters
derived from brown coal under oxy-fuel conditions. Firstly, the current drying systems in

brown coal-fired power stations in Latrobe Valley reveals moisture content of
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approximately 25% after first stage of drying, which is still far higher than that of black
coal (Mclintosh, 1976a, Mcintosh, 1976b). Also, the abundant steam condensed during
brown coal combustion may have the potential to reduce boiler operational expenses
through the reduction of flue gas recycle ratio, shown in figure 1-9. By comparing brown
coal containing 30% and 60% moisture, approximately twice the amount of flue gas is
required for 30% moisture coal compared with that for 60% moisture coal to achieve the
oxygen level of 24vol% in the boiler. Although considerable amount of operating costs
can be avoided, the impact of moisture during the high temperature combustion is still
unknown. Furthermore, wet coal combustion simulations in commercial computational
fluid dynamics (CFD) software over-simplify the coal drying mechanism such that it has
little or no overlap with the subsequent coal combustion stage (Ansys, 2011, Kurose,
2001). Obviously, a novel approach to predict the combustion behavior of wet coal is
needed. Secondly, the injection of mineral-additives in coal has been proven to minimize
the slagging and fouling propensity in the boiler. Surprisingly, to date, no research has
been done to investigate the impact of these silica-additives, although beneficial, on

ignition.
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Figure 1-9 Influence of Flue gas recycle ratio on Oxygen concentration
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1.8  Key focuses of research

The objective of this research is to fill the research needs highlighted in section 1.7. The
key focuses are:

1. To develop a specific understanding of the key issues associated with the differing
properties in brown coal, such as moisture, AAEM species and clay additives, on
its ignition in air-firing and oxy-firing conditions.

2. To investigate differences between the gaseous properties formed under oxy-firing

conditions, either wet-recycle or dry-recycle, on coal ignition.

The novelty of this research project derives from the usage and application of low-rank
coal as opposed to high-rank coal. To reiterate, the coal in focus is the Victorian brown
coal from Australia and the Chinese lignite from Xinjiang province. Both fuels are
abundant in moisture and are rich in AAEM species. Overall, this research project is
expected to deliver significant contribution in accelerating the development of oxy-fuel

burner for low-rank coal.

1.9 Research frameworks

To achieve the research objectives stated in Section 1.8, a systematic research framework

was designed and subdivided into four distinct parts as shown below:

I.  Chinese lignite ignition experiments which focus on the role of mineral matters
and silica-additives on ignition in air and oxy-fuel combustion conditions

II.  Wet VBC combustion experiments in single particle mode, which aimed to
clarify the role of moisture under air-firing and oxy-firing mode

I11.  Mathematical modelling on ignition of wet VBC in MATLAB which utilised
the results obtained in Part 11 to elucidate the role of moisture on three combustion
stages; ignition, volatile release and oxidation, and char combustion.

IV.  Group ignition experiments of dried VBC in wet recycle condition which
extend the single particle studies in part Il to mimic the real condition in industrial
furnace

V. Mathematical modelling on group ignition of VBC under O2/CO2/H20
atmosphere to explain the role of steam on ignition based on results achieved in
part IV
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1.10 Thesis outlines

Chapter 1 of this study has briefly outlined the background of CCS technologies and
stated the motivation behind the research. Chapter 2 gives a summary of related
literature to the study ignition mechanisms of low-rank coal during oxy-fuel combustion,
the controlled mechanisms governing coal ignition and also the progress and concept of
the mathematical modeling for coal combustion. This chapter concludes with the
summary of the knowledge gaps based on the reports presented. Chapter 3 gives a
description and general overview of the experimental method and setup for (1) single
particle ignition experiments and (2) group particle ignition experiments. The
mathematical modeling approach on (1) wet coal ignition and (2) group particle ignition

is also outlined. The main experimental results are presented in Chapter 4-7

Chapter 4 describes the influence of mineral matter and silica-additives on low-rank coal

ignition in air-firing and oxy-firing

Chapter 5 presents the study on the influence of moisture in wet VBC, concentrating on
the volatile ignition and flame propagation in air-firing and oxy-firing through

experimental and modeling study

Chapter 6 provides the complete analysis method to determine the contribution of
moisture in wet VBC on the char-steam gasification reaction in air-firing and oxy-firing

through experimental and modeling study

Chapter 7 provides detailed discussions that focus on the role of steam on group ignition

of low-rank coal.

Chapter 8 summarizes the conclusions from the findings from this thesis, and how they
will impact the practical operations on power plant. Also included are some

recommendations for future research.
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2 LITERATURE REVIEW

In the previous chapter, background information of coal power generation industry and
some available technologies for carbon mitigation were discussed. Although these
technologies have their own advantages and disadvantages, oxy fuel combustion emerges
as a favorable option due to its design flexibility and ease of retrofitting to the current
power plant system. Several techno-economic studies also have indicated oxy-fuel as the
preferred technology option. Therefore, this chapter provides in detail a comprehensive
review of related research that has been undertaken in oxy-fuel combustion. Firstly,
differences between air-firing and oxy-firing are identified followed by the review of
related experimental and numerical research in oxy-fuel combustion. In the next section,
coal ignition are discussed in-depth as the main scope of this research. This includes
comprehensive review on experimental and modelling studies. Furthermore, literature
summary on the silica-based sorbents as fuel additives to reduce slagging and fouling in
the boiler are also presented. To sum it up, the research gaps, which will be addressed in

this thesis, are identified based on the reviewed literatures.
2.1 Oxy-fuel combustion versus air combustion

To reiterate, nitrogen is completely removed from oxy-fuel boilers by replacing the air in
oxidizer stream with the mixture of pure oxygen and COz-rich flue gas. The replacement
of nitrogen with CO; in dry recycle oxy-fired condition and with CO2/H.0 in wet recycle
oxy-fired condition were reported to significantly change combustion characteristic in
oxy-fuel combustion, such as reduced flame temperature, delayed ignition, and reduced
pollutant emissions (Chen, 2012, Wall, 2009).

The difference in ignition and combustion characteristic in conventional air and oxy-
combustion can be explained by the difference in thermo-physical properties of bulk gas
in air-firing, N2, and in oxy-firing, CO2 and H20. The values of thermo-physical property
of these gases at 1400K are given in Table 2-1 (Khare, 2008, Shaddix, 2011). From this
table, thermal conductivity of H2O is two-fold higher compared to the other two gases.

Therefore, the rate of particle heat up is likely to increase with the implementation of wet
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recycle loop in oxy-fuel. However, this does not suggest accelerated ignition under wet
recycle loop as other property, such as heat capacity, may be significant.

Table 2-1 Properties of N, CO2 and H20 at 1400K and atmospheric pressure, adapted from
(Khare, 2008, Shaddix, 2011)

N2 CO2 H-O
Density (p) (kg/m®) 0.24 0.38 0.17
Thermal conductivity (k) (W/m.K) 8.2e-02 9.7e-02 1.6e-01
Specific heat capacity (Cp) (kJ/kmol.K) 34.18 57.83 45.93
Dynamic viscosity (n) (kg/m.s) 4.9e-05 5.0e-05 3.9e-05
Kinematic viscosity (v) (m?/s) 2.0e-04 1.3e-04  6.6e-05
Binary diffusion coefficient of O2 (m?/s) 3.0e-04 2.5e-04  3.8e-04

According to the auto-ignition theory, particle ignition is strongly influenced by the gas
specific heat capacity (Law, 2006). The higher specific heat capacity of CO2 and H-0,
57.83kJ/mole and 45.93kJ/mole compared with that of N2, 34.18kJ/mole, was accredited
to the delayed ignition and lower combustion temperature in oxy-fuel (Molina, 2007,
Shaddix, 2009). Apart from ignition, it is also necessary to maintain the similar heat
transfer characteristics with that in air-firing for retrofitting a conventional air-fired power
plant to oxy-fuel furnace. A good indicator of matched temperature profile is when a
similar adiabatic flame temperature (AFT) is attained. Using an equilibrium calculation
procedure, a higher proportion of O in the feed gas, typically 35vol% in wet recycle and
28vol% in dry recycle, is required in oxy-fuel combustion to main the similar AFT,
shown in Figure 2-1(Wall, 2009).

Nonetheless, it should be noted that the required oxygen molar fraction to match the
combustion temperature in air-firing highly depends on the proximate and ultimate
analysis of specific coal. For example, sub-bituminous coal and bituminous coal require
O2 molar fraction of 28% and 35%, respectively, in oxy-fuel to match the gas temperature
and heat fluxes in air-combustion mode (Croiset, 2000, Croiset, 2001). In another
independent study, a relatively lower oxygen molar fraction of 25% was found sufficient
in lignite oxy-fuel tests to generate equivalent combustion temperature to that in air-firing
(Andersson, 2008a). The gas temperature increased by 50K and 100K, respectively, when
oxygen concentration was elevated to 27% and 29%, respectively, in the flue gas.
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Figure 2-1 Required O, molar fraction in the burner inlet to achieve similar AFT in oxy-fuel
combustion to that in air-firing case for wet and dry flue gas recycle (Wall, 2009)

Another important factor that may alter required O, concentration to match temperature
field is the state of flue gas recycle, either dry or wet. With similar O2 concentration, the
gas temperature in dry flue gas recycle is likely to be lower due to the higher heat
capacity of CO, compared to H>O (Table 2-1). Some experimental results from pilot
scale testing facilities indicated a slightly lower O2 mole fraction of 23%-27% in wet
recycle and 25%-35% in dry recycle (Andersson, 2008a, Croiset, 2001, Hjartstam, 20009,
Payne, 1988, Rehfeldt, 2009, Wall, 2009, Wang, 1988). However, no explicit relation

between the oxygen mole fraction and the scale of test facility can be drawn (Chen, 2012).

In addition to these, the difference in the radiative properties of bulk gas is also an
influencing factor that impacts heat transfer profile in oxy-fuel combustors. Diatomic
gases, such as N2 and Oy, are transparent to radiation while triatomic gases, such as CO>
and H.O radiate considerably (Abdul-Gani, 2011). The Chalmers University of
Technology measured the gas radiation intensity in a 100kW test facility, shown in
Figure 2-2 (Andersson, 2008a), and indicated a significantly higher radiation intensity in
oxy-fuel combustion, regardless of oxygen mole fraction (Andersson, 2007, Andersson,
2008a, Andersson, 2008b, Hjartstam, 2009). Therefore, radiation from soot and particles
(coal, char and fly-ash) is prominent in oxy-fuel boilers (Andersson, 2008b, Gupta, 1985,
Hjartstam, 2009, Wall, 1973). Comparing the radiation energy contributed from both
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particles and gas, the particle radiation is more important and contributes to
approximately 60%-70% of the total radiation (Andersson, 2007, Andersson, 2008a). It
was later suggested that similar radiation heat transfer to air-firing could be achieved in

lignite oxy-fuel combustion if the gas temperature is maintained similar as in air

combustion.
40
<& Air-total

s OF 25 - total
N“B 30 | OF 27 - total '

E OF 29 - total |
= —— Air - gas R o |
2 X o0 N AL s
> OF 25 - gas 28 Q¢
@ 20 ----OF 27 -gas

|3 OF 29 - gas

=

& e

5 10+ 5°

e

©

e AT

0 4 A . I . " 1 I . Il i
-400 -200 0 200 400 600 800
Radial distance (mm)

Figure 2-2 Experimental and modelling results of total gas radiation intensity, cited from
(Andersson, 2008a)

2.2 Fundamentals of oxy-fuel combustion mechanism

To comprehend how coal combustion characteristic differs in oxy-fuel combustion, it is
of utmost importance to understand how coal particles behave during normal combustion
process. Coal combustion is a complex physical and chemical process. For coal particles
undergoing a combustion process, four well-defined steps have been identified, illustrated
in figure 2-3(Wu, 2005). The combustion processes, in sequences, are:

1. Drying of original coal particle and then, heating up to the pyrolysis temperature.
Some coal types may exhibit particle shrinking, pore size reduction, internal
cracking or particle break-up

2. Pyrolysis of coal particles to produce non-condensable volatiles (light gases),

condensable volatiles (tar) and a carbonaceous char
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3. Rapid oxidation of the combustible volatiles with the oxygen in surroundings,
producing CO; and H.O

4. Combustion of the residual char.
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Figure 2-3 Coal combustion process, adapted from (Wu, 2005)

2.2.1 Drying of single coal particles

Pulverized coal (pc) particles are generally heated and partially dried by primary air or
hot recycled flue gas in the milling system (Mclintosh, 1976a, Mclintosh, 1976b). The
temperature of hot flue gas is typically preheated to 250°C or above to ensure full drying
capacity and maintained at around 60-90°C at the mill exit (Dillon, 2005). The remaining
moisture, or water in the case of coal water-slurry (CWS) system, is evaporated in the
furnace prior to combustion. The process of moisture evaporation is mainly controlled by
physical mechanism governing heat and mass transfer rather than chemical reaction
(Turns, 2000). For drying of small coal particles in pc boiler, convective heat transfer is
more dominant than radiative heat transfer (Cen, 1997). The numerical study on
pulverized coal drying in 1000°C furnace showed similar drying time of 2.5ms in both air
and CO- environment (Chen, 2012). Given the small size of typical pc particles such that
the Nusselt number is close to 2, the gas thermal conductivity dominates the heat transfer
rate. This also suggested the shorter moisture evaporation time under wet recycle
configuration. However, this analysis is solely based on drying of an isolated single
particle/droplet. The drying process of particle group may be different and is proposed as

a subject of study for future research.
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2.2.2 Coal pyrolysis

Following moisture evaporation, some volatile matters, including condensable and non-
condensable matters, are subsequently released to the gas phase at a temperature above
300°C. These account for up to 70% of coal weight loss and are strongly dependent on
the organic properties of the coal (Solomon, 1993). In general, pyrolysis process or
devolatilisation is highly endothermic and its kinetics and yields are strongly influenced
by heating rate, gas temperature, holding time, ambient gas composition and operating
pressure (Chen, 2010, Gibbins-Matham, 1988, Matsuoka, 2003, Serio, 1987). The
product yields and pyrolysis kinetics are typically investigated in inert gas, such as N2 and
helium. As CO: is considered a reactive species, significant alterations in pyrolysis

characteristics due to high concentration of CO: is expected in oxy-fuel combustion.

Experimental studies on coal pyrolysis are normally conducted using a using a thermo-
gravimetric analyzer (TGA) or a drop-tube furnace (DTF). The corresponding heating
rate of TGA and DTF are approximately 10K mint and 10*-10°K min™, respectively.
This difference in heating rate also influences the total volatiles yield. In terms of
application, the slow heating rate in TGA is normally used to obtain coal intrinsic Kinetic
data. Meanwhile, rapid heating in DTF is applied to simulate practical coal reaction

process under similar condition to that encountered in an industrial furnace.

Several coal pyrolysis research in a high-temperature TGA have exhibited higher overall
volatile yields in the CO, atmosphere (Duan, 2009, Li, 2009, Rathnam, 2009, Yuzbasi,
2011). However, these studies were performed over a wide range of temperature such that
discrepancies between each study are prominent. For example, Rathnam (2009) and
Yuzbasi (2011) showed similar weight loss behavior of coal samples in both air and CO>
atmosphere at the temperature up to 700°C while Li (2009) revealed lower
devolatilisation rate in CO> atmosphere at the similar temperature range. On the other
hand, Duan (2009) indicated maximum volatile release rate at lower temperature of
approximately 480°C. As conflicting results were achieved from various studies, no clear
conclusion can be drawn regarding the impact of CO, at lower temperature. Nonetheless,
these studies agree that the overall higher volatiles yield in CO: is linked to the char-CO>
gasification reaction (Rathnam, 2009, Yuzbasi, 2011) .
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Similarly, several researchers also reported conflicting results in experimental works
conducted in a DTF (Al-Makhadmeh, 2009, Borrego, 2007, Brix, 2010, Li, 2010,
Rathnam, 2009). Both Rathnam (2009) and Al-Makhadmeh (2009) concluded the higher
volatiles yield in CO> than those in N2 atmosphere while Borrego (2007) observed the
opposite. Borrego (2007) suggested that cross-linking of CO> to the char surface of the
solidifying char reduces particle swelling and inhibits volatile release. Recent CO:
gasification study also indicated the development of char structure at 800-950°C which
support the earlier statement (Komarova, 2015). In another independent study, higher
porosity char was found to be more reactive to gasification reaction (Liu, 2015). On the
contrary, Brix (2010) observed no difference in char morphology, char N2-BET surface
area and volatile yields in both air and CO. atmosphere. The discrepancies between
different studies can be related to different operating conditions between each study, such
as total particle residence time employed in these experiments. The longer residence time
increases the total volatile yields and char porosity (Al-Makhadmeh, 2009, Liu, 2015,
Rathnam, 2009) while short residence time results in similar char characteristics under
both N2 and CO» atmosphere (Brix, 2010). From the studies reviewed above, although
extensive research on oxy-fuel combustion were conducted, the impact of wet recycle on

pyrolysis was not investigated and should be studied in future research.
2.2.3 Volatile oxidation

The flammable volatiles that are released during coal devolatilisation will react with
oxidizer in the hot gas and burn in the gas-phase. The burning characteristics of volatiles
vary significantly depending on coal size, coal rank and furnace operating conditions. In
an entrained flow reactor (EFR) facility at Sandia National Laboratory (SNL), a large hot-
volatiles burning soot was observed from bituminous coal combustion while sub-
bituminous coal produced soot-less cloud and a relatively lower radiation intensity
(Shaddix, 2009). Likewise, other studies also showed extensive soot formation from
bituminous coal combustion. Additionally, fragmentation of lignite char during volatile
combustion was also observed (Bejarano, 2008, Stivers, 2010). These differences in
volatile combustion behavior can be correlated to different coal composition. The soot

generated from bituminous coal combustion is produced from burning of long
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hydrocarbon chain in bituminous coal tar while low-rank coal, such as lignite and sub-

bituminous coal, is much lower in tar yields.

Additionally, the distinctive thermo-physical properties of CO: is also predicted to alter
volatile combustion characteristic under oxy-fuel combustion. The replacement of N2 by
CO: increases soot cloud size, shown in Figure 2-4, and reduces soot burning
temperature (Molina, 2007, Shaddix, 2009). In another independent study, lower volatiles
burning temperature and longer volatiles burnout time, illustrated in Figure 2-5, were
observed under oxy-firing mode over a range of oxygen mole fraction of 20%-80%
(Bejarano, 2008). These observations are likely caused by lower O, diffusional rate in
COy, listed in Table 2-1 above. As oxygen diffuses faster in H20, it is also necessary to

investigate volatile combustion behavior under wet recycle configuration.

400
-
-
-
E 300+
§ ] ' =
S o}
v 200+ o
-Q’ -
b 1 open symbols =N,
2 . ~
8 100 filled symboks = CO,
K
-
-
:‘ "'Y]YYV'"VV'I"Yf!""IV'

oxygen concentration (vol-%)

Figure 2-4 Measurement of soot cloud size of Pittsburgh bituminous coal in air and oxy-fuel
combustion with different oxygen concentration, cited from (Shaddix, 2009)
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Figure 2-5 Average temperature and burnout time of bituminous coal volatiles under O2/N>
and O2/CO- atmospheres, cited and adapted from (Bejarano, 2008, Chen, 2012)

2.2.4 Char combustion and oxidation

The residue left after volatile combustion which is rich in carbon is referred to as ‘char’.
The residual char particles are oxidized heterogeneously through direct attack of oxygen
to particle surface at sufficiently high temperature. While the pyrolysis step is usually
rapid, the duration for char oxidation is relatively slow, in the order of seconds (Smith,
1971). Therefore, char oxidation influentially contributes to the radiative heat transfer in
the boiler. The oxidation mechanism is complex and controlled by temperature, pressure,
coal type, char size and structure, and oxygen molar fraction. Subjected to oxygen
concentration, the particles may burn in different regimes, either kinetic-controlled (Zone

), diffusion-controlled (Zone 111) or combination of both (Zone I1).

In a kinetically-controlled oxidation, char oxidation reaction dominates the char
consumption rate. This is typically encountered at low or intermediate temperature
furnaces, such as TGA experiments (Liu, 2005a, Liu, 2009, Varhegyi, 1999). Meanwhile,
in a diffusion-controlled regime, the char burning rate is proportional to the oxygen
partial pressure in bulk gas and is controlled by char consumption rather than char
oxidation reaction. This mechanism dominates at high temperature and high oxygen

concentration condition, which are typically found in DTF and EFR experiments. The
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combination of these two mechanisms are typically encountered in practical situations
(Murphy, 2006).

In oxy-fuel combustion, the combustion rate of coal char is further influenced by the
combined effects of mass transfer, internal oxygen diffusion to char surface, dissociative
adsorption of CO2 and H20O on the char surface and char gasification by CO, and H,O
(Hetch, 2011, Hetch, 2012, Shaddix, 2011). Consequently, the extent to which of these
effects influences the total char burning rate depends on the char particle temperature and
change in char structure under oxy-firing mode (Hetch, 2011). Due to the exothermicity
of the char oxidation reaction, a higher char particle temperature implies a higher char
burning rate when char combustion takes place in the mixture of oxygen and inert gas, i.e
conventional air combustion. The dependence of char particle temperature on gaseous
environment is demonstrated in Figure 2-6 (Timothy, 1982), which shows pronounced

trends in the increasing temperature at elevated oxygen concentration.
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Figure 2-6 Average char particle temperature at 50% char burnout at elevated oxygen
concentration, cited from (Timothy, 1982)

Conversely, char particle temperature is lower in oxy-fuel combustion because of high
specific capacity of CO». This is demonstrated in Figure 2-7, at which char particle
temperature decreased by 125K under oxy-firing mode at similar oxygen concentration to
that in air-firing (Riaza, 2014). As CO: is considered a reactive species, the lower

combustion temperature in oxy-fuel does not necessarily infer lower char burning rate.
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The possibility of endothermic char gasification reaction with CO2 and H20 in oxy-firing
may confound the interpretation of char burning rate based on char burning temperature.
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Figure 2-7 Char combustion temperature of Anthracite coal in air and oxy-fuel combustion,
adapted from (Riaza, 2014)

2.3 Combustion modelling

A wide-ranging review in section 2-2 provides comprehensive details on the progress and
advancement of oxy-fuel combustion. Nonetheless, application of mathematical models
in coal combustion process is less progressive although it received significant emphasis
over the past decade (Edge, 2011, Williams, 2002). A panel of industrial and university
professionals in U.S. department of energy recommended the development of combustion
models to the point where they will find application in the management and control of
practical systems (Smoot, 1984). Consequently, there is a necessity to develop a model to
simulate the process of devolatilisation, volatile combustion and char oxidation for

accurate prediction in oxy-fuel combustion.

2.3.1 Devolatilisation model

To reiterate, coal devolatilisation is the initial step in coal conversion process. The release
of volatiles matter from coal is an endothermic process and affects the overall furnace
operation. Devolatilisation models are used to predict the rate of volatile release from
coal. Currently, there are four widely known coal devolatilisation models; constant rate

model, single-rate Arrhenius model, two competing rate model and network models,
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either FLASHCHAIN, Chemical percolation- devolatilisation (CPD) or Functional
Group-Depolymerisation Vaporization Cross-linking (FG-DVC). Some of the advantages

and disadvantages of each model are listed in Table 2-2.

From Table 2-2, network models are the most advanced model for coal devolatilisation.
Although it is able to accurately predict the tar species and yield from pyrolysis (Fletcher,
2015, Guan, 2015, Stark, 2015), most studies on coal combustion modelling favored
single-kinetic rate Arrhenius model due to its simplicity and short computational time
(Al-Abbas, 2011, Al-Abbas, 2012b, Alvarez, 2011, Black, 2013, Chui, 2003). Also, the
kinetic devolatilisation data for the studied coal in either air or oxy-fuel combustion can
be easily derived from TGA experiments.

Table 2-2 Advantages and disadvantages of different coal devolatilisation model, adapted from
(Edge, 2011)

Constant Single-rate Two competing rate
. Network model
rate model Arrhenius model model

Reference(s) (Baum, (Badzioch, 1970) (Kobayashi, 1977, (Grant, 1989, Niksa,
1971) Ubhayakar, 1977) 1994, Solomon,

1994)

Description Volatiles Devolatilisation Rate of devolatilisation ~ The most detailed
are release  rate is first order dependent on two and comprehensive
at constant  dependent on competing rates at model by considering
rate amount of volatile different temperature chemical structure

release and range and coal functional
temperature group

Advantages Simple Easy to implement ~ This model considers Accurate prediction

in either small-scale different of mass loss rate and
or large-scale devolatilisation rate at results are
simulation different temperature independent of coal
range proximate analysis
and kinetics

Disadvantages Error in Need to derive the Need to derive the Complex model and
predicting  Kinetic data for kinetic data for may be unnecessary
actual rate  individual coal, individual coal, in commercial
in practical therefore limiting therefore limiting its software
simulation its application to application to certain

certain type of coal

type of coal
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2.3.2 Volatile combustion model

For the application in large-scale simulation, coal volatile combustion is typically
modelled by using a mixture fraction/ PDF chemical equilibrium approach (Sivathanu,
1990). The main product from coal pyrolysis is anticipated as light hydrocarbon
equivalent; either CHs4 or CO (Al-Abbas, 2011, Lockwood, 1998). This simplifies the
homogeneous volatile reaction scheme as overall one-step reaction of volatiles with
oxygen to produce CO> and water vapor. Nevertheless, discrepancies between simulated
and experimental data were observed using this modelling approach (Al-Abbas, 2011, Al-
Abbas, 2012a). A multi-step reaction scheme for volatile combustion was then developed
and exhibited more accurate predictions of gas temperature and species concentration in
the combustor (Al-Abbas, 2012b).

Unlike devolatilisation, modelling volatile combustion mechanism in oxy-firing has
different approach than that in air-firing. Although the multi-step reaction scheme works
well under air combustion, the exchange of inert N2 with chemically reactive CO> is
expected to alter the overall elementary reaction, especially at high temperature (Glarborg,
2008). The two-step mechanism (WD) and four-step mechanism (JL) hydrocarbon
mechanism are widely applied for CFD modelling in industrial application and are
directly available as default mechanism in commercial CFD package (Jones, 1988,
Westbrook, 1981, Westbrook, 1984). Recently, these models were refined where changes
were made in the CO-O: reaction subset to improve prediction of CO levels (Andersen,
2009). The improvement was more pronounced for WD mechanism while refined-JL
reaction scheme showed a slightly results in predicting CO trends. Additionally, the latter

also showed better prediction of propane flame behavior in oxy-fuel combustion.

2.3.3 Char combustion model

Char combustion is the limiting step on overall coal conversion process. Therefore, it has
major impact on overall furnace heat transfer and combustion efficiency. Burning char
particle temperature is balanced by char burning rate and heat transfer to/from the
surroundings. An accurate prediction of the char burning rate is therefore essential in
calculating the correct char particle temperature. As indicated in Section 2.2.4, char

combustion process occurs under three controlling steps; either kinetic controlled,
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diffusion controlled or combination of both. Generally, pulverized coal combustion falls

under combination of both chemical and diffusion controlled regime (Baum, 1971). From

extensive research in coal combustion, several char combustion models were proposed,;

kinetic-diffusion model, such as single film and double film model, the random-pore

model, and the intrinsic reaction model. The advantages and disadvantages from each

model are listed in Table 2-3. Of all the listed models, the simplistic single film model is

favored in the simulation of pulverized coal combustion (Al-Abbas, 2012b, Murphy,
2006, Yu, 2009, Zhang, 2013). Following that regard, the rest of this section is dedicated

to reviewing the development and application of single film model.

Table 2-3 Advantages and Disadvantages of several char combustion models, adapted from

(Edge, 2011)

Description Advantages Disadvantages Reference(s)

Single- Reaction of carbon with A simplistic model to  Not applicable to (Field,
film model oxygen occurs in a frozen  predict char burning predict burning rate 1969, Geier,

boundary layer with no rate for pulverized of larger particles 2012, Yu,

gas-phase CO oxidation coal combustion (>100 pm). Also, 2009)

(<100pm) structural change in
C+0,> CO char is not
considered

Double- Carbon oxidation occurs in  Able to accurately Similar to that of (Annamalai,
film model two-phase zone. particles capture burning rate single-film model, 1987,

react with O to produce of larger particle and  assumption on Mitchell,

CO. CO diffuses through also more accurate constant char 1991)

film zone to gas-phase compared to single properties during

zone and further oxidized  film model combustion may

to CO» not be accurate

C+0,> CO

CO + 02> CO2
Random This model consider the Able to predict Difficulties in (Fei, 2011,
pore effect of pore size physical changes of obtaining the data Mitchell,
model distribution in char particle char particle during on char porosity for  2007)

and integrate in calculation  combustion microporous char

for char burning rate
Intrinsic A more advanced char A more accurate Application limited  (Smith,
model combustion model that prediction for char to certain type of 1982)

take into account the
intrinsic reactivity of each
pore in the char.

burnout due to
consideration of
diffusional effect in
char porous structure

coal. Also, the
reaction order used
in calculation may
not be accurate
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Char combustion process is commonly described as a heterogeneous reaction of carbon

with oxygen, either
C ) + Oz 2 CO2g)

C ) + 0.5 Oz 2 CO (g

From literature studies, it is well understood that CO is the predominant product during
combustion at high temperature (Arthur, 1951, Mitchell, 1991, Tognotti, 1990). Further
CO oxidization to COz is likely to occur at the boundary layer close to the particle surface
which communicates a portion of heat released back to the particle. For small particles
which size less than 100um, CO: is principally generated at the particle surface rather
than in the boundary layer (Mitchell, 1987). This confirms the applicability of single-film

model to predict char combustion rate in pulverized coal-fired boiler.

Under oxy-fuel combustion mode, an oxygen-enriched environment is expected to
significantly increase char particle temperature which alters the oxidation mechanism of
CO to CO2. Through recent computational study, the partial conversion of CO to COz in
particle boundary layer affected char particle temperature and char burning rate (Hetch,
2011). Additionally, the elevated concentration of CO. and H20 in oxy-coal combustion
IS anticipated to trigger char-CO. and char-H20 gasification reaction, respectively. Thus,
an improvement in single-film model is recommended for suitable application in the
simulation of char combustion in O2/CO. atmosphere. Geier (2012) extended the
conventional single-film model by considering the influence of CO,/CO production ratio
(y) on particle surface to calculate char particle temperature. The same author also
considered char-CO2 and char-H20O gasification reaction in the simulation (Geier, 2012).

The above-mentioned reactions were assumed to take place heterogeneously, as follows:
Ce + (1+y)/2029 2 y CO2 () + (1- y) CO

C +CO2(=2CO

C + H20 (9 PHz(g) + CO ()

From above reactions, the overall char consumption rate equals to the sum of the carbon

removal rate from individual reaction. It should be noted that the char consumption rate
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calculated in the afore-mentioned study was modelled by n order Arrhenius kinetic
without consideration for diffusion. The combination of both kinetic and diffusion
mechanism should be applied when using single-film model to calculate the overall char
consumption rate. The extended-model developed by Geier (2012) can be integrated to
the initial single-film model developed by Field (Field, 1969).

The representative char burning rate highly depends on value of the kinetic data. Unlike
char oxidation kinetic, which was already well-established in the literature (Field, 1969,
Murphy, 2006, Patel, 1988, Smith, 1971, Smith, 1982, Stevenson, 1973, Timothy, 1982),
the study on char gasification kinetic only emerged recently (Chen, 2013, Hetch, 2011,
Hetch, 2012, Huo, 2014a, Huo, 2014b, Kim, 2014a, Roberts, 2000, Roberts, 2014, Ahn,
2001, Cristina, 2012, Jiang, 1991). Mostly, the measured char gasification rate from these
studies was several order of magnitude lower than char oxidation rate. Consider that these
data were generated from low-temperature study in TGA, the actual Kinetic rate of these
reactions at high temperature condition is still unknown. Nevertheless, char gasification
reactions show a higher apparent activation energy, 148-255kJ/mole (Ahn, 2001, Cristina,
2012, Jiang, 1991) for char-CO2 and 131kJ/mole for char-H>O (Ye, 1998), in comparison
with with activation energy for char oxidation, 57kJ/mole (Murphy, 2006). Therefore,
these reactions are likely to be prominent at high temperature during oxy-fuel combustion.

2.4 Coal ignition

Combustion of coal particles is initiated by ignition. Following that, coal may be ignited
in gas-phase or particle phase depending on furnace operating condition. Moreover, the
replacement of air flow by O2/CO, mixture in oxy fuel combustion may also influence
coal ignition. This is likely to alter flame location, length and stability, and coal preheat
temperature. Subsequently, oxy-fuel combustors have to be specially designed to account
for these specific changes. The aforementioned impacts are more pronounced when
ignition process occur near the burner in the pc-fired furnace. Consequently, the degree of
carbon burnout may also be different (Costa, 1994). Therefore, it is essential to fully
understand coal ignition mechanism for developing cleaner coal combustion technology.
In this section, coal particle ignition will be discussed in-depth followed by review of the

literature studies on coal ignition that are relevant to oxy-fuel combustion.
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2.4.1 Ignition mechanism

When coal particles are heated in an oxidizing atmosphere, ignition takes place which is
characterized by substantial energy release. As illustrated in Figure 2-8, coal particles are
ignited via three different mechanisms (Essenheigh, 1989); either homogeneous ignition
of volatiles, heterogeneous ignition of carbonaceous char, or combination of both.

VM ignition
Char burning
-3 O

Char ignition
C,
(©) Char ignition Char burning
®-® -® -0

Figure 2-8 Three different mechanisms for coal ignition proposed by Essenheigh (1989), (a).
Homogeneous Ignition, (b) Hetero-Homogeneous Ignition, (c) Heterogeneous ignition, from
(Essenheigh, 1989)

Homogeneous ignition occurs when the rate of volatile release exceed the heating rate of
char particle surface. Visible sign of homogeneous ignition is the development of volatile
flame surrounding coal particle. This provides enhanced heat feedback to char particle by
conduction and also isolates char particle from the surrounding gaseous mixture. The
latter forces the reaction flame sheet away from the solid surface, thereby preventing an
oxygen attack to the solid char (Essenheigh, 1989, Howard, 1967). Finally, the residual
char is oxidized after the volatiles are completely burned.

On the other hand, heterogeneous ignition follows once the particle heating rate surpasses
the rate of volatile release. In this case, the particle surface temperature is high enough for
char combustion to occur prior to evolution of volatiles. In heterogeneous ignition, char
particle is oxidized via direct attack of oxygen to the char surface. The reaction continue
until all the carbon in the residual char is consumed. Under specific conditions, the initial
heterogeneous ignition of char may be quenched by sudden eruption of volatiles, known
as ‘heterogeneous-homogenous ignition” (Essenheigh, 1989). In this case, both volatiles

and char are consumed simultaneously.
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Some critical variables influencing the mode of ignition have been suggested including
volatile fraction in coal, particle size, particle loading and heating rate (Shaddix, 2011).
The likelihood of heterogeneous ignition to occur depends on the ease of oxygen access
to the char surface. For example, low volatile content, small particle, low particle loading,
high oxygen concentration and slow heating rate favouring heterogeneous ignition. As the
mode of particle ignition directly correlates to the particle heating rate, gas thermal
conductivity is expected to influence ignition mode to a certain degree. Based on gas
properties listed in Table 2-1, similar ignition mode is expected in both N2 and CO.
atmosphere at same temperature. In contrast, when wet recycle loop is applied in oxy-fuel
combustion, the elevated steam concentration is likely to increase gas thermal
conductivity; thereby favouring homogeneous ignition of coal particles. Additionally,
coal of different ranks also exhibits different ignition behaviour. Recently, higher-rank
coal, anthracite and bituminous coal, was reported to ignite homogeneously in gas-phase
while lignite experienced extensive fragmentation prior to its heterogeneous ignition
(Khatami, 2012b, Maffei, 2013, Riaza, 2014). However, this conclusion is not definite

and there is a necessity to further clarify this observation.

2.4.2 Review on experimental ignition study

The most commonly reported ignition studies in literature have been the identification of
ignition temperature, which is defined as minimum particle or gas temperature at where
ignition occurs. Experimental techniques used for this measurement typically fall under
two categories; either fixed bed experiment (i.e. TGA, electrically heated fixed bed
reactor) or continuous feeding experiment (i.e fluidized bed reactor (FBR) or entrained
flow reactor (EFR)). For the former technique, ignition temperature is detected by
measuring coal mass loss over time in an oxidizing environment. Ignition temperature is
taken as the temperature at which the derivative mass loss curve shows a peak at a
specific temperature (Tognotti, 1985, Wall, 1991). Meanwhile, the latter approach is
more favourable for ignition study in practical application as EFR and FBR can be
subjected to conditions typically encountered in an industrial combustor. Commonly,
characterisation of ignition behaviour in this facility is through measurement of light

emissions using either photo detectors, such as radiation pyrometer or via imaging (Gupta,
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1990). Some of the relevant experimental studies on coal ignition are reviewed in the next

section.

IGNITION IN O2/N>

The first experimental ignition study dated back to the early 70s. Using a two-colour
pyrometer, the temperature of size-graded anthracite coal particles was measured in a
laminar flow reactor (Ayling, 1972). This study suggested the primary product of carbon
oxidation as CO. Following this research, a similar pyrometry technique and a high speed
camera were used to measure the burning times and temperature history of an individual
coal particle (Timothy, 1982). By tracking the entire burning history of an individual coal
particle, they reported the formation of soot flame during the initial stage of volatile
combustion followed by char combustion. This indicated the initial coal ignition to occur
in gas-phase rather than on particle surface. Another separate study also confirmed the
formation of a layer of condensed matter or soot-like material surrounding the bituminous
coal particles which defined homogeneous ignition prior to heterogeneous combustion of
char (McLean, 1981). In the same study, lignite combustion showed the similar
characteristic, but with no formation of a layer of condensed material surrounding coal
particles. The same author later concluded the formation of soot is strongly dependant on

coal type rather than local condition in the furnace.

A more recent study focused on the impact of different oxidizer concentration on coal
ignition. Using a pelletized bituminous coal, Ponzio (2008) investigated the relation
between oxygen concentration and ignition time in a high temperature batch reactor. The
ignition time was reported to decrease remarkably with increasing oxygen concentration.
Nevertheless, little variation in ignition time was observed at oxygen concentration of 21%
or above (Ponzio, 2008).

The study described above focused on the ignition of single coal particle. Recently, Liu
(2011) reported the ignition study of coal particle stream, which is more relevant to the
application in pc burner. Prior to this research, only a single experimental study on coal
stream ignition was ever conducted where a critical point for minimum coal ignition time

was identified over a range of coal feeding rate (Ruiz, 1990). Liu (2011) later suggested
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that concept of particle number density is more important in characterising ignition rather
than coal feeding rate. Using a filtered charged coupled device (CCD) camera for ignition
study, the same author reported that the minimum ignition time is found at a particle
number density of 4 x 10°m in the coal feed line (Liu, 2011).

IGNITION IN O2/CO:;

Most ignition studies in the last decade were on coal combustion in air or oxygen
enhanced combustion with N2 as the main diluting gas. As oxy-fuel combustion was
prompted recently, a number of research facilities were built to investigate coal
combustion under this condition. Nevertheless, the centred focus was on combustion

study and the ignition characteristic under oxy-firing mode was scarcely reported.

The first reported ignition study in oxy-fuel combustion was conducted in a bench-scale
1.2MW tunnel furnace at IHI. They reported poor ignition quality due to the high specific
heat capacity of CO, and water vapour (Kiga, 1997, Kimura, 1995). Following after,
researchers at SNL initiated the single particle ignition study in O,/CO> atmosphere using
an entrained flow flat flame burner reactor (Molina, 2007, Shaddix, 2009). The ignition
data was measured using a CCD camera to capture either the thermal emission of
individual particles or the emission of CH* chemiluminescence from ensemble of
particles. The ignition data from this study is shown in Figure 2-9 and exhibits a 2-3ms
delay in O2/CO2 atmosphere (Shaddix, 2009). This also demonstrates the pronounced
decrease in ignition time with increasing oxygen concentration. The conclusion was,
increasing oxygen molar fraction to elevated concentration, which was 36% in that
research, could match the ignition time as that in air combustion mode (Shaddix, 2009).
Nonetheless, their subsequent study also revealed the less pronounced effect of oxygen
concentration at higher temperature condition (Molina, 2009).
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Figure 2-9 Variation of ignition delay at elevated oxygen concentration in O./CO, atmosphere,
from (Shaddix, 2009)

In another study, the ignition behaviour of Victorian brown coal was studied in a DTF
and captured with a high-speed imaging camera (Zhang, 2010b, Zhang, 2010a). This is
the first study in oxy-coal combustion that presented coal ignition behaviour captured
using a high speed photography technique. As illustrated in Figure 2-10, poor ignition
quality was observed in 21%0,/CO, atmosphere to which was improved by increasing
the oxygen concentration to 27% and 36% in CO> diluent (Zhang, 2010b). From this
research, the author reported an oxygen concentration of approximately 30% in oxy-fuel

to match the flame intensity in air.

Following that after, a wire-mesh reactor was used in another study to investigate the
effect of CO- on ignition using the temperature measurement approach. This was to study
the effect of CO2 on heterogeneous char ignition rather than homogeneous volatile
ignition. Similar to the results discussed above, a delay in coal ignition was also observed.
The ignition temperature increased by 21K, for brown coal, and 7K, for bituminous coal,
in O2/CO, atmosphere (Qiao, 2010). From these results, it should be noted that coal of
different types may also ignite differently.
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Figure 2-10 Combustion sequence of Victorian brown coal at 1073K in DTF in different O2/N;
and O,/CO, mixtures, adapted from (Zhang, 2010)

The ignition characteristic of coal of different rank in O2/CO, condition was later
investigated by Khatami (2012) using a drop-tube reactor facility. Three different types of
coal rank were used; bituminous coal, sub-bituminous coal and lignite. They also
confirmed the ignition delay with the replacement of N2 with CO.. However, higher rank
coal was reported to exhibit a greater ignition delay compared to low-rank coal, which
was approximately 100ms in bituminous coal and 60ms in lignite, at oxygen molar
fraction of 30% (Khatami, 2012b). Nonetheless, this differences may be because of
different coal composition from different coal type and the generalisation of this

conclusion may not be accurate.
2.4.3 Modelling criteria for ignition

Complementary to the experimental study, modelling investigation also bears the same
importance for the development of oxy-fuel technology. Initially, the first mathematical

modelling study on coal ignition dated back to the 1920s (Nusselt, 1924). Back then, an
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unsteady state energy balance equation was used to calculate the time required for coal
particle to reach the ignition temperature. This simplistic statement regarding ignition was
later re-defined as ‘the time required for coal particle to attain critical state which causes a
sudden temperature rise’ (Stevenson, 1973). An illustration of particle temperature jump,
from (Stevenson, 1973), is shown in Figure 2-11. This shows the predominance effect of
gas temperature on particle ignition where an increase in gas temperature of 10K from
690K to 700K is critical. Since then, research on ignition breached out to numerically

investigate the criterion behind homogeneous and heterogeneous ignition.
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Figure 2-11 Brown coal particle temperature history in hot gas, from (Stevenson, 1973)

As discussed in Section 2.4, coal ignition mode, either heterogeneous or homogeneous,
still need to be thoroughly assessed. One of the proposed methods is the characterization
of ignition mode based coal intrinsic data derived from TGA. A theoretical basis for the
ignition conditions was developed and tested (Ponzio, 2008). From this theory, three
ignition regimes were constructed, which were defined as:

e Heterogeneous ignition of non-devolatilized coal; I het, coal™ I devol

e Heterogeneous ignition of char; r gevol > het, coal @Nd T het, char > I hom, vol

e Homogeneous ignition of volatiles; r dgevol >T het, coal aNd I hom, vol > I het, char

The above-mentioned approach was later adopted in CFD simulation (Jovanovic, 2011,
Zou, 2014). In this model, the onset of particle ignition is generally identified by the
drastic change in particle temperature over time (d?T/dt?) (Zou, 2014). The combustion

process was simulated with different approaches depending on the ignition regime. For
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homogeneous ignition, the combustion process was modeled as conventional process.
The volatiles released from the coal initially, followed by combustion of the volatiles
species and finally char oxidation. On the other hand, char oxidation was triggered as an
initial process for heterogeneous ignition. Similarly, both char oxidation and coal
devolatilisation process simultaneously progressed for heterogeneous-homogeneous
ignition. Nonetheless, as this method was initiated for single particle investigation, a new
methodology is needed to predict the ignition behavior in real combustors, where particle-

particle interaction is significant.

Such approach was initially developed by Annamalai (1987) through establishment of
quasi-steady (QS) model for group combustion of a spherical cloud of char particles
(Annamalai, 1987). The theoretical model was constructed from gas phase conservation
equation for mass, species and energy, particle-phase reaction and particle and gas energy
balance. Two different criteria for ignition were established to distinguish between
homogeneous and heterogeneous ignition (Du, 1995). The former was said to occur when
the local heat generation in gas phase is higher than heat loss rate while the latter took

place when particle temperature rose above gas temperature.

Other than spherical cloud, the particle clusters for group combustion can also be arrays
of few particles or stream of many particles (Annamalai, 1988). Nevertheless, spherical
cloud group combustion model has an advantage over other models as the burning rate of
dense cloud can be approximated to the combustion rate of a large isolated particle of the
same cloud size (Annamalai, 1987, Chiu, 1977). Several studies applied this model to
predict the transient ignition behavior of coal particles (Ye, 2014, Zhao, 2007). As
illustrated in Figure 2-12, spherical cloud model approximated reasonably well with the
experimental data from the experiment conducted in an EFR to predict heterogeneous
ignition time (Ye, 2014).
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Figure 2-12 Comparison between experimentally measured ignition time in Flat flame burner
with calculated ignition time using spherical cloud model for Bituminous coal, from (Ye, 2014)
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Figure 2-13 Development of flame profile over time predicted using cylindrical cloud model,
from (Du, 1995)

While it is convenient in obtaining simplified results using a spherical cloud model, it is
very difficult to simulate experimentally. The cylindrical cloud model is more useful for
interpreting the experimental data for mono-sized stream of coal particles and can be
done experimentally in an entrained flow reactor facility. From this model, the flame
profile obtained in this study is illustrated in Figure 2-13, shown above, which presents

the homogeneous ignition of coal particles at time t=68ms(Du, 1995). Surprisingly, this

49



CHAPTER TWO: LITERATURE REVIEW

approach is not as widely used as spherical cloud approach in the ignition modeling
although it can accurately predict homogeneous ignition time.

2.5 Impacts of mineral matters and solid additives on coal ignition

Other than ignition, ash-related slagging and fouling remain one of the primary technical
challenge in the operation of pulverized coal boilers. These issues may drastically affect
burner operation and downtime. Both slagging and fouling are defined as ash build-up in
the heat transfer section during coal combustion with the former refers to the
molten/semi-molten deposits in the radiant heat transfer section and the latter refers to the
loosely-bonded deposits in the convective region in the boiler pass (Osborn, 1992).
Slagging and fouling tendency of coal can be directly correlated to ash melting

temperature, which is strongly dependent on coal ash composition (Bioenarea, 2012).

Perhaps, the most influential variable in triggering slagging and fouling problem is the
AAEM species in coal. These ash-forming metal species are largely responsible for
slagging and fouling in brown coal pc boiler (Brockway, 1991). For cleaner brown coal
utilization, two methods were available to counter-act this issue; either by removal of ash-
forming AAEM species through acid-washing (Wijaya, 2011b) or via injection of fuel
additives for in-situ capture of the volatilized metal species (Lowe, 1993). The latter
method is more practicable for application in the pulverized coal boiler as fuel additives
can be directly injected with coal particle into the existing mill (Barnes, 2009). Silica-
based sorbents, such as clay or kaolinite, was proposed as an efficient fuel additives to
reduce slagging and fouling issue (Merrell, 1984). This approach was tested in several
studies and was proven to remarkably decrease the ash deposition thickness (Lowe, 1993,
Xiong, 2008). Additionally, these studies also reported the predominance effect of Na and
K in fouling tendencies.
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2.6 Summary

This chapter has provided a comprehensive literature study on coal ignition and

combustion mechanism in oxy-fuel combustion. This also includes a mini review on the

utilization of silica additives in pf boiler to minimize slagging and fouling problem.

Based on this review, several research gaps that are relevant in brown coal combustion

have been identified, listed below, which will be address throughout this research

program.

Firstly, Na, K species are abundant in brown coal and have been identified as the
major cause of fouling problem in pc boiler. The addition of kaolinite has been
proven to minimize slagging and fouling propensity. However, the ignition
characteristic of coal + kaolinite has not been studied before.

Secondly, coal ignition characteristics in O2/CO. is well-established in the
literature but most focused on combustion of high rank coal. Brown coal, with
high moisture content, is likely to ignite differently from high rank coal. The
effect of moisture may be significant as brown coal is only partially dried before
being introduced to the furnace. This issue has not been addressed in the literature.
In the case of low-rank coal combustion in oxy-fuel, the steam concentration is
likely to increase drastically. To date, no research has ever been reported to study
the coal ignition behavior under elevated steam concentration.

Finally, most ignition studies investigate the ignition characteristic of single coal
particle. While they may provide useful insight in understanding the fundamental
ignition phenomena in O2/CO- atmosphere, the particle-particle interactions in the
practical coal combustors also exert major influences to coal ignition. Several
studies have reported the ignition of dense particle stream in air. However, none

has ever been performed in oxy-fuel atmosphere.
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3. RESEARCH METHODOLOGIES

This chapter summarizes all the experimental facilities used throughout this research and
their respective utilization method. Only the general operating procedures are presented
here. The explicit details regarding the variation of the parameters depending on the
experimental condition are given in the following relevant chapter. In addition, the
modeling approach are also briefly discussed, with more details are to be included in the
subsequent result chapters. The snapshot of all the experimental facilities employed in
this study is given below.

EXPERIMENTAL FACILITY

Heating devices Diagnostics devices Analytical devices

Flat-flame bumer reactor Non-Intrusive Imaging Thermocouple Thermo-Gravimetric
(FFBR) facility nenmocouple Analyser (TGA)

—— [ 1

Hencken McKenna cCcD High-speed High-speed IR
Bumer Bumer Camera Camera Pyrometer

Figure 3-1 Snapshot of the facilities employed in this research

3.1. Heating devices

The flat flame burner reactor (FFBR) is the main heating device used for ignition
experiments. The FFBR is designed as an entrained flow reactor (EFR), where coal
particles are entrained in the hot gas mixtures as they flow through the reactor in a dense
cloud. This laboratory-scale facility consists of moveable two-level bench (figure 3-2),
where the burner is installed at the top-level and a piezo-electric feeder is located at the
lower level (figure 3-3). Both devices are connected through a 1.0m long tube. At the top
level, a tubular quartz reactor of 1.0m long with an inner diameter of 115mm is used to
shield the atmosphere from the surrounding air. To minimize heat loss, the quartz reactor
is mostly encapsulated with a 25mm insulation wool, except a 50mm x 300mm gap at the

reactor base for the purpose of direct observation. The reactor is operated at the
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atmospheric pressure and the combustion flue gas is discharged to the atmosphere
through a filtered vacuum fan at the reactor exit. At the lower level, the piezo-electric
feeder is insulated in a squared transparent case, to which a carrier gas is injected. The
coal particles are then pneumatically conveyed to the burner via a carrier gas.

Figure 3-3 Piezoelectric coal feeding system located at the lower level bench

A mixture of gaseous fuels containing 80% ethylene (C2H4) and 20% Hydrogen (H>) is
burnt in the FFBR with an oxidizing agent to provide hot gas environment for coal
combustion. The flat flame is achieved through the adjustment of the fuel/oxidizer flow
rate (Bakali, 1998). Nitrogen is introduced through the burner as a shielding gas to protect
the flat flame from the surrounding atmosphere. Two different types of flat flame burner

are used in this research; non-premixed Hencken burner and premixed McKenna burner.
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The general depiction of burner structure and configuration is detailed in the following

section.

3.1.1. Hencken burner

Hencken burner, figure 3-4, is widely used and commercially available burner as
diagnostic tools for H> flame research (Bertagnolli, 1998, Chai, 2007, Kulatilaka, 2004,
Wooldridge, 2002). The burner is constructed from hundreds of hypodermic tube forming
a 50mm x 50mm square honeycomb structure and installed in stainless steel housing. It is
typically un-cooled and divided into a central flow and co-flow region. Within the central
region, the liquid fuel is injected through the fuel tube and the oxidizer is fed into the
alternating honeycomb channel surrounding the tubes. The fuel and oxidizer rapidly mix
over the honeycomb structure and are burned, forming a flat flame atop. In the co-flow
region of the honeycomb, a non-combustible gas is introduced as means to protect the flat
flame. For the purpose of coal combustion study, a 3mm inner diameter feeding tube is
integrated at the burner centre-line as the coal entry point through pneumatic conveying.
This burner has main advantage to provide near-adiabatic flames over a wide range of
equivalence ratio. However, it has shortcoming on the inability to support premixed flame
due to flashback issue. In this thesis, this facility was used for experimental works in
Chapter 4, 5 and 6.

Premixing cavity Self-cooled burmer face

HH

Figure 3-4 Hencken flat flame burner schematic, adapted from (Kastelis, 2008)
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During these experiments, the burner was operated in atmospheric pressure. The flowrate
of fuel and oxidizer were fixed 1slpm (standard litre per minute) and 10slpm,
respectively. The primary gas flowrate was set at 0.7slpm, low enough to minimize the
turbulent effect of gas and particle mixing at the early stage of coal combustion. This
configuration produced a total flue gas flowrate of 11.7slpm after the flat flame and was
maintained constant in all operating conditions investigated in these chapters. This was to
prevent discrepancies in gas temperature in the reactor, which influentially affects coal
ignition. The gas temperature was maintained at 1273K in every atmosphere investigated
in this thesis. The flue gas composition described in the respective chapters, was the gas

composition in the centre-line and obtained from equilibrium calculations.

3.1.2. McKenna burner

Another commercially available flat flame burner is McKenna burner, shown in Figure
3.5. It is commonly used to study the pollutants emitted from hydrocarbon fuels and to
calibrate laser technology for optical diagnostics (Osswald, 2007, Prucker, 1994). The
burner is made of a stainless steel outer which houses a porous, bronze, water-cooled,
sintered matrix, which supports the generated flat flame. Slightly different from Hencken
burner, the fuel/oxidizer is premixed in the chamber and evenly distributed throughout the
sintered matrix prior to ignition. Also, the co-flow option that provide a shielding gas
flow is designed only for non-combustible gases due to the lack of cooling provisions in
the co-flow part of the burner plate. For this reason, the significant temperature/
concentration gradient occurs towards the outer parts of the flame. Therefore, it has a
major drawback in its application for absorption measurements and optical measurements
that demand the use of atomic trace species. The issues described above is not subjects of
concern in this research. Instead, the burner structure are modified by increasing the
diameter of the coal entry tube located in the burner center-line for the purpose of
research on the combustion of dense particle stream. In this thesis, this facility was used

for the experimental works elaborated in Chapter 7.
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Figure 3-5 Schematic of McKenna flat flame burner

Principally, this facility operates in a similar way with the Hencken burner. However, the
flowrate for fuel and oxidizer was increased to 1.6slpm and 20 slpm, respectively, while
fixing the flow rate of the primary gas 0.7slpm similar to that used in Hencken burner
facility. This is to provide enough gas in the environment to ensure that the feeding rate

of coal has little disturbance on gas temperature that may affect ignition.
3.2. Diagnostic devices

Several diagnostics methods, including both non-intrusive and intrusive method, will be
employed in this research to study coal ignition behaviour. The former refers to
diagnostic approach without any intrusion to the combustion environment, using an
imaging camera and a pyrometry technique. Conversely, in intrusive method, the
diagnostic device is integrated to the furnace to capture the essential data, such as

thermocouple.

3.2.1. Digital camera

A CCD digital camera, Nikon P7000, is used to capture images of burning coal particles.
The camera settings and positioning are fixed to avoid interferences of background noise
and camera focus. The camera is located 900mm away from the captured object. The

exposure time is also fixed at 50ms. Captured images are processed and analysed using an
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open-source image processing software, Image-J. Various data can be elucidated
including coal ignition point, devolatilisation point, and char combustion length. An
example of flame segmentation procedure is illustrated in figure 3-6 (Published in:
Prationo, W., Zhang, J., Cui, J., Wang, Y., Zhang, L., Influence of Inherent Moisture on
the Ignition and Combustion of Wet Victorian Brown Coal in Air-Firing and Oxy-Fuel
Modes: Part 1: The Volatile Ignition and Flame Propagation, Fuel Processing
Technology, 2015, 138, pp 670-679). This information is generated through analysis of
approximately 100 flame images. Coal ignition distance is obtained by an average value
of pre-ignition length from a hundred images. The authors also use similar approach to
measure devolatilisation and char combustion length. Consider that the measured length
from the image is in pixel unit, the flat flame width at the burner base is also measured to
calculate the conversion factor from pixel to mm unit. The real width of flat flame is
measured before the start of any experiment. Therefore, real ignition length can be
calculated using the equation shown below:

Real flat flame width (pixel)
Measured flat flame width (mm)

Real length (mm) * Measured length (pixel)

( Char combustion Region

Burnout of Volatile Matter

—Devolatilisation and Volatile
oxidation region

Coal Ignition Point
Pre-Ignition region

Figure 3-6 Combustion region segmentation based on flame structure
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The images captured with the digital camera were used to calculate mainly coal flame
length, which can be characterized into volatile oxidation and char oxidation length by
analysis of approximately 100 images at each experimental case. The region of volatile
oxidation, and char oxidation was pointed in Figure 3. As can be seen, the volatiles
released from the coal particles burn after a certain distance which is called pre-ignition
stage here. Such a stage is shown as a yellow blurred cloud with a very weak intensity
reflecting the heat-up of particle and the release of volatile as well. Once being ignited,
the released volatiles form a continuous fireball with the strongest intensity captured by
the camera. The ignition point refers to the bottom boundary between pre-ignition and
volatile oxidation stages. The luminous, thick flame following the ignition point and
enveloping the cloud near the burner base signifies an intense release and homogeneous
combustion of volatiles released from the coal pyrolysis, which in turn supplies heat
feedback to ignite the char particles. The remaining length of the flame, with the less
luminous region above the volatile oxidation regime, refers to char oxidation region.

Similar analysis method has also been described elsewhere (Kim, 2010).

3.2.2. High-speed camera

A MotionPro Y3 high-speed camera mounted with a 25mm micro lens and an anti-
blooming CMOS sensor was used to obtain monochrome photographs of coal combustion
with short time interval. The camera focus is centered on the centre-line of the reactor
where particle density is the highest. The capture speed is set at 1000 frames per second
(fps) with lens exposure time of 997us. It should be noted that no extra illumination is
provided and the light emission captured in the images comes from the hot emission for
coal particles and volatiles. The shutter speed is calibrated periodically via internal and
external method. Internal method refers to the in-build calibration in the camera, whereas
external method is conducted through measurement of a running electric counter with
time resolution of 1ms. In this research, this device is used to measure the coal particle
burning velocity. The measurement procedure was detailed elsewhere (Zhang, 2010a).
This is vital to calculate coal ignition time from the ignition distance measured using a

digital camera. Following that, the ignition time can be calculated as follow:
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.- . Ignition dist
Ignltlon time (ms) _ Ignition distance (mm)

Particle Velocity (%)

3.2.3. High-speed infrared pyrometer

A high-speed infrared pyrometer from Kleiber-Gmbh (model: KS-740 LO) was installed
next to the observation window along the quartz reactor on the FFBR. The pyrometer
captures signal at the rate of 5MHz with the linear voltage output of 0-10 V which
linearly correlate to particle temperature of 800-2300 °C. The pyrometer is calibrated
periodically using a blackbody radiation source of pure copper as certified by National
Institute for Standards and Technology (NIST). By comparing pyrometer measurement
with melting point of pure copper, a correction factor was obtained. From here, the real
temperature of can be calculated based on pyrometer signal. The detailed principle of

pyrometer operation can be found in this reference (Khatami, 2011).
Real Temperature (K) = 1073 + (2573-1073) * 10* Measured Voltage (V)

In this research, two wavelengths centering at 850nm and 1050nm are applied in the
pyrometer for particle temperature measurement. These wavelengths are selected toavoid
the adsorption band of a variety of species, including CO> (2.5-2.9um and 4.6um), H.O
(4.7um) (Mollman, 2010), Na vapor (580 and 589.6nm) and K vapor (766.5 and 769.9nm)
(Murphy, 2006, Saito, 1991). Nonetheless, particle temperature measured during the
pyrolysis stage using these wavelengths is inaccurate due to the interference of volatile
clouds. A wavelength of 4.0um was suggested for more accurate measurement at this
condition. Therefore, the particle temperature is measured at the later stage after coal
pyrolysis has completed (Joutsenoja, 1997). Also, the emissivity of the pyrometer is
adjusted to 0.8, based on reported study in literature for char particle temperature
measurement (Baum, 1971).

3.2.4. Thermocouple

Thermocouple is one of the simplest techniques used to measure the gas temperature in
the combustion environment. A complete understanding of the heat transfer mechanisms

in the thermocouple bead is required to accurately derive the true gas temperature. The
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procedure to calculate the radiation loss has been reviewed in the literature (Shaddix,
1999). In general, the energy balance around the thermocouple is a combination of
conduction, convection, radiation as well as catalytically induced heating, as expressed
with the equation (1) below.

dT .
Qcona + Qconv + Qraa + Qcat = pCpVE ...Equation (1)

For the purpose of the thermocouple usage in combustion system to measure the local gas
temperature, the main heat transfer mode to the thermocouple is driven by convection
term. However, the other term, such as radiation is similarly important and has to be
accounted for in order to accurately determine the true gas temperature. Both conduction
and catalytic loss are difficult to be quantified in practice. Therefore, these terms were
minimized when selecting the thermocouple. The type-K thermocouple wire used was
coated with corrosive resistance stainless steel and designed sufficiently long, to
minimize the conduction loss. The thermocouple energy balance in equation (1) is
reduced into convective-radiative energy balance, and solved to obtain the local gas
temperature in equation (2).

Sth(th‘}_Tw‘})d

Tg = th + KN

...Equation (2)

The loss from the thermocouple could be related to the values of the thermocouple
emissivity, radiation from the surrounding (Furnace Wall), thermocouple diameter and
the choice of the correlation used to calculate Nusselt’s number. The fine-wire stainless-
steel coated thermocouple used here is cylindrical with the diameter of 3mm. The
emissivity of the type-K thermocouple was taken from data book, which is 0.9 for
stainless steel (Cr-Ni) coating material (Haynes, 2014). The wall temperature of the
furnace was 773K, based on the measurement with the thermocouple. For the cylindrical
thermocouple with low Nusselt’s number application, such as in combustion system,
Collis and William’s correlation is commonly used and shown in equation 3 (Collis,
1959). The comparison between the true reading from thermocouple and the radiation-

corrected temperature was shown in Table 1.
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Nug = 0.24 + 0.56Re " ...Equation (3)
3.3.  Analytical Device

A thermogravimetric analyser (TGA) series DTG-60H from Shimadzu is used to obtain
char kinetic data for modeling investigation in this research. This model series able to
simultaneously measures temperature and mass differences between inert reference,
Al203, and coal sample. The experiments are conducted either in air or CO2 atmosphere,
to obtain the respective char oxidation or char gasification kinetics. On the other hand,
inert gas, either N2 or Argon, is used to calculate coal devolatilisation kinetic. The typical
curve obtained from the TGA analysis is shown below in Figure 3.7 with brown, blue
and red-colored line refer to mass-loss, DTG and temperature data over time, respectively.
The pronounced decrease in mass loss is comprehended with increasing temperature,
indicating reactions take place during coal conversion process. It should also be noted that
DTG curve shows two peaks at different temperature, which can be directly correlated to
heat released from coal combustion. The TGA experiment is done by loading 5-10mg of
sample to the platinum crucible into the sample detector. The oxidizer flow rate is set to
100mL/min while the flowrate of inert gas is fixed at 30mL/min.
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Figure 3-7 Typical curves obtained from TGA experiments in this research

3.4.  Modeling approach

The modeling works in this thesis were conducted using MATLAB. The mathematical
equation used in the MATLAB model was modified from the existing literature study. In
the single particle study for wet brown coal, a 1-D coal combustion model was used to
study the combustion behavior of wet coal. The sub-models used in the modeling works
are as follows; Mclintosh drying model for coal drying prediction, single Kinetic rate
Arrhenius model for coal devolatilisation, and multiple surface reaction single film model
for char oxidation. Three char heterogeneous reactions, including char oxidation, char-
CO: and char-H20O gasification, were included for char combustion calculation. Volatile
oxidation is insignificant in this model as this study focused on the ignition of dilute
particle stream. This modified model has two purposes; to quantify the extent of moisture
evaporation during initial coal drying process and to calculate the contribution of
moisture to char-steam gasification reaction. Further details on the model are discussed in
Chapter 5 and 6.
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This thesis concludes with the investigation of the ignition of dense particle stream.
Therefore, the above-mentioned model is not applicable under this condition. In this
section, the transient cylindrical cloud group combustion model was used to predict the
ignition behaviour of clusters of particle. This model was also written in MATLAB. As
the conservation equations are typically hyperbolic differential equation, the time step
used in the calculation was chosen carefully such that it did not affect the overall
computational results. The series of differential equation was later solved using an
explicit approach. A small modification was added to the entire model to account for the
influence of steam on ignition. This further changes the total mass balance calculation and
energy balance calculation in the initial model. Further details were described in Chapter
7 of this thesis. For the investigation of group particle ignition under oxy-fuel steam-
enriched condition, the following reactions were added to the model:

C 5+ H20 (=2 CO () + Ha(g)

CO ) + H20 () <> CO2 ) + Ha )
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Chapter 4

Effect of Clay and Minerals
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4. INFLUENCE OF EXTERNAL CLAY AND INHERENT MINERALS ON
LIGNITE OPTICAL IGNITION AND VOLATILE FLAME PROPAGATION
IN AIR-FIRING AND OXY-FIRING

The influence of external clay additive and inherent minerals on the ignition of a Xinjiang
lignite and its volatile flame propagation in air versus oxy-fuel combustion have been
clarified in this paper, through the use of a flat-flame burner reactor (FFBR) coupled with
in-situ optical diagnosis tools. The removal of HCI-soluble metals shifted coal
devolatilisation towards higher temperatures in air and 21% O in CO2. The mixing of
external clay with coal affected little on ignition time. It however enhanced the
decomposition of volatiles, leading to a larger volatile cloud shielding on particle surface.
The oxygen fraction in bulk gas is most influential. Increasing the oxygen fraction to 30%
eliminated all the gaps between raw lignite, acid-washed lignite and the mixture of raw
lignite and clay. The supporting information for this study has been published and
attached in Appendix A.

4.1. Introduction

The ash-forming metals in coal, namely mineral matter, play a two-sided role during coal
combustion. On the one hand, they are directly relevant to slagging and fouling that are
two most crucial issues that negate the performance and efficiency of a coal-fired boiler
(Barnes, 2009). On the other hand, they are capable of catalytically promoting coal
oxidation rate, by acting as oxygen-shuttling agent for bulk oxygen activation (Gupta,
1999), or activating the surface stable oxides of coal organic portion during the early-
stage of coal combustion (Wan, 2009). The impacts of mineral matter are profound for
low-rank coal, such as sub-bituminous coal and lignite, as their ash-forming metals are
generally dominated by alkali and alkaline earth metals that are highly catalytic for coal

combustion, whilst also influential for severe slagging and fouling in a boiler.

To minimize/eliminate the slagging and fouling propensity of alkali and alkaline earth
metals, the low-rank coal can be either prior treated by acid washing to remove the ash-
forming metals, or by mixing with solid additive for the purpose of in-situ capture of

alkali and alkaline earth metals in a boiler. For the former method, the resulting acid-
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washed coal could be burnt in direct injection coal engine (DICE) or gas turbine to
mitigate its carbon emission footprint on a step-change mode (Wijaya, 2011b). Our
previous works have witnessed the simplicity of mobilising ash-forming metals from
lignite, under the ambient conditions and using weak acids for an extremely short time
(Wijaya, 2011a, Wijaya, 2012). Regarding the latter method for the mixing of additive
with coal, it is more practicable for a pulverized-coal fired boiler, where the low-cost
refractory minerals such as clay can be injected with coal particles together into the
existing mill (Barnes, 2009, Raask, 1985, Vuthaluru, 1996). Prior to the deployment of
either method in the industry, it is essential to clarify the changes on the combustion
characteristics of lignite upon acid-washing and mixing with clay, as this is primarily

important for the stability of an existing boiler.

To date, the literature research for acid-washed lignite was mainly focused on comparing
the devolatilisation and burnout rates of raw coal, its acid-washed sample and those
impregnated with different metals in thermo-gravimetric analyser (TGA) with extremely
low-heating rates, or fixed-bed and fluidised-bed reactors where the volatiles released
were quickly swept away from char particle surface by bulk gas (Tomita, 2004). Except
the plenty of knowledge generated for coal burnout in the literature, there is still shortage
of the essential information regarding the influence of ash-forming metals on particle
ignition, flame propagation, tar formation and its in-situ oxidation. In a real combustion
environment, the volatiles were released at a heating rate in the order of 10° K/s
(Taniguchi, 2012), and the released volatiles also partly reside on char surface forming a
cloud that affects the subsequent char ignition and oxidation steps (Chen, 1995).

The afore-mentioned facilities studies with low heating rates failed to address all of these
aspects. Moreover, the addition of clay to coal can affect coal ignition by deactivating
alkali and alkaline earth metals and/or catalytically promoting oxygen shuttling. These
two roles could counterbalance one another, and hence, exert a complex effect on the

ignition of coal particle.

In this study, a lignite rich in alkali and alkaline earth metals, its HCI-washed residue and
the mixture of this coal with 3 wt% clay have been tested in a lab-scale FFBR (flat flame

burner reactor) for their ignition, flame propagation and volatile cloud oxidation
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properties. The FFBR used burns the mixture of hydrogen and ethylene to create a flat
flame that can heat up coal particles at a rate of ~10° K/s, similar to that in the industrial
boiler. It is coupled with various advanced optical instruments for in-situ diagnosis,
including a high-resolution camera for flame observation, a high-speed camera for the
observation of volatile release, its dynamic oxidation and distinction on particle surface,
and particle velocity measurement. The results achieved were compared with and also
interpreted by the data collected from TG-DTA (Thermo Gravimetric- Differential
Thermal Analyzer). Apart from air-firing, the oxy-fuel combustion test in 21-31 vol%
oxygen balanced by CO- has also been conducted. The coal sample selected is a lignite
sample collected from Xinjiang Autonomous area, the data for which are practically non-
existent due to the low exploration degree, although it contributes to approximately 40%

of the whole Chinese coal reserves (Li, 2011).
4.2. Experimental
4.2.1. Coal properties

The coal used is Xinjiang lignite with a cut-off size of 105-153 um, the proximate and
ultimate properties of which are listed in table 4.1. The as-received coal has a relatively
high content of moisture, whereas its ash-forming metals only account for 5 wt% in total.
The concentrations of major ash-forming metals in raw coal and its sequential leaching
residues are tabulated in table 4.2. Ca is the most prevalent metal within the raw coal,
followed by Na, Fe, Al and Mg in a descending order. The concentration of Ca shows
little change upon water washing. In contrast, it was dropped by nearly half upon
ammonia acetate washing, suggestive of the abundance of ion-exchangeable Ca
associated with oxygen-containing functional groups such as carboxylic acid in coal
matrix. A further washing by HCI reduced the Ca concentration to approximately one
tenth of its original quantity, indicating the abundance of oxide/carbonate grains. Another
alkaline earth metal Mg shows the similar behavior upon sequential leaching, i.e.
abundant ion-exchangeable cation and oxide/carbonate grains. In contrast, the two alkali
metals behaved differently, of which Na is mainly partitioned between water-soluble and
ammonia acetate-soluble fractions, whereas K had no change upon sequential leaching.
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Regarding Fe, it was mainly eluted upon water washing, same as that observed for
Victorian brown coal (Wijaya, 2011a). This is an indicator of the association of a portion
of Fe with water-soluble hydrocarbons such as humic acid within coal matrix, forming an
oxyhydroxide-like structure (Cook, 1987, Wijaya, 2011a). The ash-forming metal
quantification and coal sequential leaching procedure are detailed in the supporting
information (SI), shown in Appendix 1 in this thesis.

Table 4-1 Proximate analysis of Xinjiang lignite tested

Proximate analysis

Fixed carbon, %db 64.20
Volatile matter, %db 30.77
Ash, %db 5.00
Moisture, %ar 19.10
Ultimate analysis, %db

C 74.5
H 2.90
N 0.42
S 0.37
o* 21.81

*by difference

Table 4-2 Properties of the ash-forming metals in the raw lignite and its sequential leaching
residues, unit mg/kg

Raw coal | Water-washed | AA-washed” | HA-washed”
Al 1568 2214 2284 2310
Ca 11294 11230 6393 1343
Fe 1643 703 952 615
K 60 69 59 54
Mg 1498 1677 871 328
Na 2175 796 127 71

*: AA —ammonia acetate (1M); #: HA — hydrochloric acid (HCI, 1 M).
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4.2.2. Determination of coal devolatilisation, ignition and char oxidation by TG-
DTA

A TGA has been employed to assess the reactivity of raw coal, acid-washed coal and coal
mixed with clay samples. Maximum 10 mg of a sample was used for each run. Coal
pyrolysis was carried out in argon grade 5.0 at four different heating rates from 10 K/min
to 50 K/min. The argon flow rate was maintained at 100 mL/min in each case. Regarding
the ignition and char oxidation rate, they were determined by replacing argon with air.
The data interpretation procedure to extract the kinetic data (activation energy, E and pre-

exponential factor, k) was detailed elsewhere (Harris, 2008).
4.2.3. Coal ignition and in-situ optical diagnosis

The coal combustion experiments and in-situ optical diagnosis were carried out in a lab-
scale FFBR illustrated in Figure 4.1. The reactor was operated at atmospheric pressure
and a flat flame Hencken diffusion burner was employed to provide a high temperature
gas flow by burning the mixed liquid fuel of hydrogen (H2) and ethylene (C2H4). The gas
flow rate was adjusted to provide oxygen concentration of 21-31 vol% with N2 or CO; as
the balance, while holding the concentration of water vapor (generated by liquid fuel
combustion) constant at 17.51 vol%. For simplification hereafter, the oxy-fuel conditions
with the oxygen concentrations of 21%, 26% and 31% O2 were referred as to oxy-21,

oxy-26 and oxy-31, respectively.
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Figure 4-1 Schematics of the flat flame burner reactor used throughout this study

To minimize the turbulence effect of gas and particle mixing, the total gas flow rate was
maintained at 11.7 L/min (STD). In all cases, the furnace/flue gas temperature was
maintained at 1273 K at the flat flame burner base, see Figure 4.1, whilst a mean quartz
wall temperature of 773 K was achieved due to heat loss. The pulverized fuel was fed
with a piezoelectric feeder at 0.1 g/min and entrained by a carrier gas of 0.7 L/min (STD)
into the reactor through the central tube of I.D. 1.5 mm in the Hencken burner. The
combustion chamber is isolated with a 115 mm diameter cylindrical quartz tube reactor
that is insulated by kaowool with a thickness of approximately 20 mm. A shroud inert gas
of 1 L/min, either pure N2 or CO, was injected at the outer ring of the burner to avoid the

interference of surrounding air on the stability of flame.

Coal flame images were taken with a Nikon P7000 CCD camera. The images were
processed to extract information regarding coal ignition distance, volatile oxidation
duration and the duration of char combustion. The luminous, bright and thick flame
segment next to coal ignition stage was assigned as a complete oxidation of volatiles,
whereas the remaining tail of the flame with a rather weak luminosity was denoted as
char combustion (Kim, 2010, Murphy, 2006). The measurement procedure has been
detailed in Section 3.2.1. A MotionPro Y3 high speed camera from IDT coupled with

micro-scale lens was employed to observe individual coal particles, including its velocity,
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volatile cloud size and ignition time. The detailed method to calculate particle velocity
has been previously described (Zhang, 2010a).

4.3. Results and discussion

4.3.1. Devolatilisation and char oxidation reactivity of coal samples

The lignite studied here possesses a large reactivity of devolatilisation and char oxidation.
Its reactivity was summarised in Table 4.3 and Figure 4.2, as the comparison with those
published previously. For the devolatilisation rate in Table 4.3 andFigure 4.2(a), the raw
lignite possesses a rate that is lower than the air-dried and ammonium acetate-washed
Victorian brown coal, but it is certainly higher than raw Montana lignite, other Chinese
lignite, and bituminous coals examined in the literature (Liu, 2004, Zhang, 2013). Upon
HCI washing, coal devolatilisation rate was decreased to a level below the observations of
Ubhayakar (Ubhayakar, 1977), and close to the bituminous coal results published by
Kobayashi et al (Kobayashi, 1977). This echoes the loss of ash-forming metals including
Ca, Fe, Mg and Na in Table 4.2, and supports the catalytic effect of these metals on coal
volatile release. The pyrolysis of NaCl-loaded lignite in a fluidised-bed/fixed-bed reactor
has witnessed an enhanced yield for the light species including formate, acetate and
oxalate (Quyn, 2003). CaO has proven catalytic in cracking oxygen functional groups to
carbon monoxide (Franklin, 1982). It was also proven reactive in promoting water-shift
reaction for the pyrolysis of sewage sludge at 753 K (Folgueras, 2013). The removal of
metals here is thus supposed to affect coal pyrolysis product distribution on an opposite
manner, i.e. inhibiting the release of light hydrocarbons and deactivating hydrogen
shuttling. By the use of TG-DTA for the pyrolysis of lignite and its demineralised
samples, it has also been confirmed in the literature (Zou, 2007) that, the total weight loss
of the demineralised sample was slightly lower than the raw coal. Such an observation is
broadly consistent with our results for the HCI-washed Xinjiang lignite here.
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Figure 4-2 Comparison of measured kinetics of lignite and its acid-washed residues here and
those reported in literatures (Kobayashi, 1977, Quyn, 2003, Ubhayakar, 1977, Zhang, 2013).

Panels (a) and (b) are for devolatilisation and char oxidation, respectively.
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Table 4-3 Activation energy (KJ/mol) and pre-factor (s-1) for raw coal, coal with 3 wt% clay
and HA-washed coal (Xinjiang Coal as the test sample) and comparison with other coals
(Copalakrishman, 1994, Morgan, 1986, Zhang, 2013)

Activation Energy, KJ/mol

Pre-factor, st

Devolatilisation

Raw coal 48 5.01E+05
Coal + 3 wt% clay 45 4.8E+05
HA-washed coal 14 6.58E+00
Raw Loy Yang brown coal 217 5.18E+16
Raw Montana lignite 58 8.0E+03
Acid-washed Montana 148 2.0E+08
Demineralised Shenfu sub-bituminous 4.4E+10 -
coal 164-227 6.9E+12
1.4E+04 —
Deminerlised Huolingele lignite 82-212 1.5E+13
Air oxidation
Raw coal 116 4.33E+07
Coal+ 3 wt% clay 115 2.30E+07
HA-washed coal 86 1.10E+05
Beulah-Zap raw coal char( 27 1.40E+08
Beulah-Zap demineralised coal char 36 3.30E+08
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For the raw coal with and without clay, its oxidation reactivity at a given temperature in
Figure 2(b) is 10-1000 times higher than the literature data. Removing the ash-forming
metals by HCI washing dropped coal oxidation reactivity to a similar magnitude of order
with bituminous coal. Here again, the ash-forming metals mentioned above are able to
catalyse the ignition and oxidation of coal particles. Figure A.5 in Appendix A further
illustrates the DTA curves for the oxidation of raw coal, its ammonia acetate-washed
residue, the residue after HCI washing and the mixture of coal with 3 wt% clay. Adding 3
wt% clay affected little on coal oxidation pattern. In contrast, the ammonia acetate
washing caused a detectable right shift of the peak referring to coal ignition and
maximum mass loss, which was further delayed to 873 K for the HCIl-washed sample.
Compared to ammonium acetate-soluble cations, the HCI-soluble species referring to
discrete oxide mineral grains are clearly influential on char oxidation, which should be
highly dispersed within coal matrix and hence possess an intimate with coal organic
moieties. In addition, the oxidation of CaO-loaded coal char has confirmed that CaO is

able to raise the char oxidation rate by up to 2700 times (Copalakrishman, 1994).
4.3.2. High-resolution camera observation of flame characteristics in FFBR

The representative flame for the combustion of three coal samples are visualised in
Figure 4.3. For the raw lignite, its combustion in air exhibits the brightest flame, in which
the bottom segment in yellow color represents the initial step for coal drying and
devolatilisation. The overall flame luminosity of raw coal was decreased profoundly by
the use of oxy-21 in place of air. In the meanwhile the flame length and particularly
length of the initial ‘yellow’ zone were enlarged noticeably, indicating the delay of coal
ignition and the lift-up of its flame which is thus unstable in the oxy-21 mode. Increasing
oxygen fraction in oxy-26 and oxy-31 brought the flame luminosity and length similar to
that in the air case. The discrepancies observed between air and oxy-fuel cases here are
broadly consistent with the literature observation (Davidson, 2010, Shaddix, 2003), which
are mainly attributed to a larger specific heat capacity of CO, than N> that causes the
delay on coal ignition as well as increases radiative heat flux from coal flame to the

surrounding bulk gas.
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Figure 4-3 Representative flame patterns and flame lengths for raw coal, coal doped with 3 wt% clay and HA-washed coal in air versus oxy-fuel modes
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HCI washing reduced coal air-firing flame intensity dramatically. In particular, the initial
yellow zone for coal drying and devolatilisation was lifted up remarkably. In addition, the
top bright section for char oxidation nearly disappeared, indicative of a significant delay
on char particle ignition. In combination with the TGA observations in Figure 4.2 above,
this is clearly attributed to the loss of the HCI-soluble metals, which postpones both coal
devolatilisation and char particle ignition. Substituting the oxidating gas to oxy-21 further
worsened the HCIl-washed coal flame intensity, which even lacks a clear ignition and
oxidation stage for the volatiles. Increasing the oxygen fraction up to 31% in CO2 was
even in marginal favor of enhancing flame intensity of the acid-washed coal. The flame
achieved in oxy-31 for acid-washed coal lignite is still less luminous than raw coal flame.

The use of clay as a fuel additive caused non-detectable change on coal volatile flame
shape and intensity in air. However, for the oxy-21 case, the flame intensity of the top
section referring to char oxidation zone was improved remarkably, when compared with
the raw coal at the same experimental conditions. Increasing oxygen fraction in CO>
gradually narrowed the gap between air and oxy-modes in regard to flame intensity. Such
information was not detected in TGA, where both clay and coal particles remained still
with little interaction. In other words, in a real coal-fired case where particles move
rapidly, the influence of clay on coal oxidation is more obvious due to the intimate

particle-to-particle interaction.

The coal ignition time was further measured and analysed statistically based on flame
pictures, and summarised in Figure 4.4. For coal ignition duration in panel (a), the raw
coal showed a distance of 15 mm in air, which was enlarged to 20 mm on average in oxy-
21, due to the larger specific heat capacity of CO> than N.. A further increase in the
oxygen fraction in CO2 to 26% and 31% reduced raw coal ignition distance to 15 mm,
substantiating the achievement of a similar ignition time with the air case. The HCI-
washed coal showed a long ignition distance of ~25 mm in air. Its ignition distance was
further increased to ~30 mm in oxy-21, and then reduced to a level close to raw coal in
oxy-31. Adding clay to coal caused little change on coal ignition distance in air, but
slightly reduced it in the oxy-21 case. More interestingly, by comparing the air and oxy-

21 cases for coal mixed with 3% clay, one can see that, the difference of coal ignition
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distance between these two cases was only 1.5 mm (16 mm in air vs 17.5 mm in oxy-21),
compared to ~5 mm for raw coal (from 15 mm to 20 mm) and HCI-washed coal (from
22.5 mm to 27.5 mm). The use of clay clearly partly offset the negative effect of the large

specific heat capacity of CO> in oxy-fuel cases.
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Figure 4-4 The distance for coal ignition (a) and oxidation (b) as a function of bulk gas
composition for raw coal, acid-washed coal and coal added with 3 wt% clay

The total duration for the oxidation of coal volatiles and char in panel (b) showed less
variation on bulk gas composition and the samples fed into the FFBR. This further
suggests the primary importance of coal devolatilisation on its total burnout time. For a
given bulk gas, the large similarity between raw coal and coal added with clay is expected,
echoing the similar reactivity of these two samples confirmed by TGA. Regarding the

HCl-washed coal, its oxidation duration is also rather comparable with that of raw coal,
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which should be due to the use of excess air for coal oxidation in the FFBR here, as the
TGA confirmation indicates a much slower reaction rate for the acid-washed coal.

4.3.3. High-speed camera observation of coal devolatilisation and ignition in FFBR

To clarify the transient phenomena occurring during the initial coal devolatilisation and
ignition, the high-speed camera coupled with a micro-lens was further employed for
photographing the first 5 cm distance from the FFBR burner base, at a shutter speed of
1000 frames per second and exposure time of 990 s for each frame. The typical
photographs are visualised in Figure 4.5. Figure 4.6quantifies the size distribution of the
observed bright spots. In each picture, the bright rod-like spots were assigned as igniting
particles, the length of which refers to particle trajectory caused by its upward motion,
whilst the width equals either the diameter of original coal particle or the diameter of
volatile cloud envelope on particle surface. For the raw coal tested in air, the width of its
bright spots vary broadly, with some being nearly round for an intense release of volatiles
and their preferential residence and ignition on particle surface. The volatiles remaining
on char surface are mainly viscous heavy hydrocarbons that are difficult to be swept away
by bulk gas (Chen, 1995, Zhang, 2010b). Figure 4.6(a)confirmed a mean width of
approximately 300m for the volatile cloud formed in air, which is around four times of
the original coal diameter. Interestingly, the substitution of oxy-21 for air yielded
abundant thinner spots with a mean width of around 200 um, see Figure 4.6(a). This is in
agreement with Figure 4.4(a) for a slower ignition of raw coal in oxy-21, which in turn
provided less heat feedback to its host coal particle to ensure a continuous release of the
remaining volatiles out of coal matrix. Increasing oxygen fraction in CO2 was in favor of
the ignition of the initially released volatiles, which in turn promoted the release of the
extra volatiles to form a larger and brighter igniting spot. However, these improvements
are marginal, as the mean width for bright spots in the oxy-31 case is still smaller than the

air-case.
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Figure 4-5 High-speed camera observations of the initial igniting particles for three cases at
the height of 5 cm from burner base.
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Figure 4-6 Igniting volatile cloud sizes as a function of bulk gas composition for three cases,
raw coal (a), HCI-washed coal (b) and coal with 3 wt% clay (c). Measurement was done for the
luminous spots observed at a height of 5 cm from burner base.

The acid-washing of coal caused little change on the mean width of bright spot (igniting
particle) in the air case, although the igniting particle number density was reduced
remarkably. Similar to the results achieved for raw coal, shifting air to oxy-21 for acid-
washed coal reduced its igniting spot size dramatically. The mean size was reduced to
less than 200 pm that is even close to the original coal size. This indicates that the
devolatilisation of acid-washed coal has not been commissioned at the reactor distance of
15 mm. Increasing oxygen fraction in CO2to 31% improved coal volatile size to the same
value as in the air case. Regarding the mixing of coal with clay, its effect on the change of
igniting spot size is most influential. Although the majority of the igniting coal particles
reside at the mean size of 200-300 xm in air, they were broadened to a wider range with a

comparable fraction larger than 600 zm in the oxy-21 mode. Such an increase is a direct
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evidence of the promoted coal devolatilisation by clay. This was not detected in the air
case, suggesting a quick ignition of the fragmented light hydrocarbons in air. Increasing
oxygen fraction in COz improved the volatile oxidation rate for coal mixed with clay,
which in turn decreased volatile cloud size. Its value at oxy-31 is even slightly smaller

than the air case.

4.3.4. Burning particle velocity profiles in FFBR

Particle velocity profiles measured by high-speed camera are illustrated in Figure4.7.
Regardless of coal sample and bulk gas composition, the coal particle velocity was
increased over the reactor path length and maximised at approximately 3.0 m/s at 120 mm,
where char oxidation commenced. For the path lengths from 20 mm to 60 mm, the particle
velocities variation of both raw coal and HCI-washed coal with bulk gas composition are
very narrow and also fall within the error bar caused by the original coal particle size
variation. In contrast, the addition of 3 wt% clay to coal broadened the discrepancy of
particle velocity between different bulk gases. In particular, the gaps were maximised at
55 mm which corresponds to the top luminous section for the flame observed in Figure
4.3. The interference of clay particle velocity should not account for this phenomenon, as
it remains invisible in the field of view of the camera where only the luminous particles

are detectable.

87



CHAPTER FOUR: INFLUENCE OF EXTERNAL CLAY AND INHERENT MINERAL

Velocity, n¥s

Path Length, mm

Figure 4-7 Particle velocity profiles in the early stage of coal combustion, as a function of bulk
gas composition for three different cases, raw coal (a), HCI-washed coal (b) and coal mixed
with 3 wt% clay (c)

4.4. General discussion

Combining the results in Figures 4.4(a) and4.7, the coal ignition time was deduced and
plotted versus bulk gas composition in Figure 4.8. The raw coal exhibited an ignition
time of approximately 8 ms in air, the magnitude of which is comparable to a high-
volatile bituminous coal, Pittsburgh seam coal in a hotter gas of 1700 K (Shaddix, 2009).
This further supports the high reactivity of the lignite tested here. Substituting oxy-21 for
air postponed the ignition of raw coal to approximately 20 ms, which is more than twice
compared to the air case. This echoes the larger specific heat capacity of CO, that is
around 1.7 times of N». Increasing the volumetric specific heat capacity of bulk gas
increases the auto-ignition time of a fuel linearly, as suggested by the adiabatic thermal
explosion equation (4.1) below.

T = CV(TO /Ta ) (41)
chF,OAeXp(_Ta /TO )
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Figure 4-8 Coal ignition time (ms) as a function of bulk gas composition for three different
cases, raw coal, acid-washed coal and coal mixed with 3 wt% clay

Increasing the oxygen fraction in CO> decreases the volumetric specific heat capacity of
the overall bulk gas, but it also increases the reactivity of the fuel/oxidant mixture,
A.exp(-Ta/To). As a result, the gaps between three solid samples, raw coal, acid-washed
coal and coal mixed with clay disappeared with the oxygen fraction increasing to 26%
and above. Moreover, compared to raw coal and its acid-washed sample, the mixture of
raw coal with clay showed a rather narrow discrepancy of ignition time between four
different gases in Figure 4.8. The discrepancy between air and oxy-21 only accounts for
approximately 1.5 ms, referring to 9.2 ms in air versus 10.7 ms in oxy-21. This can be
attributed to the enhanced release of volatiles by the addition of clay to coal, as visualised
in Figures 4.5 and 4.6. Such an improvement, referring local volatile mass fraction on
coal particle, Yro in equation 4.1, clearly counterbalanced the negative effect of gas
volumetric specific heat capacity. Since Table 4.3 and Figure 4.2 did not witness the
catalytic influence of clay coal devolatilisation in TGA, the clay added here should
promote the secondary cracking of the released primary hydrocarbons in coal particle
vicinity, leading to the formation of more light moieties that can ignite readily. This is

consistent with the literature that has confirmed the effect of clay in promoting the
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secondary decomposition of coal tar (EI-Rub, 2004). The clay was also proven reactive in
promoting the activation of hydrogen transfer to coal and the reactions of de-alkyl and
dehydrogenization (Liu, 2004).

Using the averaged volatile cloud sizes calculated based on Figure 4.6 and
equation(4.2)below for the quantification of volatile flame radius, one can determine the
quantity of volatiles released on igniting particle surface. The equation (4.2) was derived

from the literature (Howard, 1967), as follows:

. d(4av, 1V, (W'Yv'fv'R'T
° dt 3-D-P-4p,

), (4.2)

Here the ignition temperature, T was derived from Figure A.4 in Appendix Aby
comparing computational fluid dynamics (CFD) predicted particle temperature profile
with the measured ignition distance results in Figure 4.4(a), the ignition time dt in
equation (4.2) was taken fromFigure 4.8, and the symbol fyv was determined by the
amount of oxygen needed for combustion of 1 g of heptane (treated as the main volatile
species). Figure 4.9shows the calculated fractions of volatiles initially ignited on particle
surface. Regardless of bulk gas composition, the initially ignited volatile percentage
remains rather constantly at approximately 2 % of the total volatiles for the raw coal. The
acid-washed coal has similar amount for its initially ignited volatiles in the air and oxy-21
cases, which was increased slightly to 2.5 wt% in oxy-26 and oxy-31. This insignificant
increment is supposed to exert little effect on coal ignition, as the elution of the catalytic
ash-forming metals decreased the reactivity (pre-factor) by 102 - 10° folds. The increase
on the volatile fractions by mixing of clay with coal is more pronounced, which was
maximised at approximately 3.5 wt% in oxy-21 and gradually dropped to ~2.75 wt% in
the oxy-31 case.
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Figure 4-9 Calculated percentage of volatiles ignited initially on coal particle surface at the low
temperatures

It remains intriguing to compare Figure 4.9 with the results for tar formation from lignite
pyrolysis in the literature. Although the same coal has not been examined for pyrolysis in
the literature, study on a low-ash (~1.0 wt%-daf) Victorian brown coal has witnessed a
yield of approximately 20 wt%-daf for the tar derived from the pyrolysis of raw coal at
773 K in either CO- or He, at a heating rate of 1000 K/s and a hold time of 10 s at the
maximum temperature (Jamil, 2004). Loading NaCl or CaCl, by impregnation reduced
tar yield to ~2.5 wt%-daf and 8.0 wt%, respectively, due to the enhanced catalysis of
chlorides loaded onto coal (Quyn, 2003). The similar quantity of tar derived from in-situ
photography of raw coal in this study supported the stronger catalytic effect of the
inherent ash-forming metals in this coal. However, in contrast to the observation that the
pre-acid washing of Victorian brown coal doubled its tar yield under the pyrolysis (Jamil,
2004), the results in Figure 4.9 only witnessed a slight increase of tar yield by 0.5 wt%
upon acid washing in the oxy-26 and oxy-31 cases. Clearly, the in-situ generated tar
residing on char particle surfaces is easily cracked/consumed by a quick oxidation in the

surrounding oxygen.
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(b)

(c)

(d

Figure 4-10 Dynamic oxidation of the liquid volatiles on coal particle surface, at a shutter
speed of 500 fps for the interval of 2 ms between two adjacent photographs. Series (a) ~ (d) are
for raw coal in air, acid-washed coal in air, raw coal in oxy-21 and acid-washed coal in oxy-21,

respectively. Measurements were taken from high speed camera images at 5 cm above the

burner base.

The dynamic release of volatile cloud (i.e. heavy hydrocarbons) and its oxidation rate on
coal surface, referring to flame propagation velocity, were also traced by high-speed
camera on a millisecond (ms) scale. The typical sequences are displayed in Figure 4.10 in
which the photographs were taken at an interval of 2 ms. For the case of raw coal in air,
sequence a, the rod-like shape formed at the beginning of photographing refers to the
volatiles released with a very thin layer (i.e. few amount), which was gradually enlarged
to a near-round sphere signaling the enhanced release and accumulation of tarry volatile
species on char surface. Subsequently, the volatile release was ceased from the eighth
point, whilst it was solely consumed by oxidation on coal particle surface, leading to a
gradual shrinking of the size of the igniting spot and the change of its shape back to rod
with a thinner width referring to char particle. The duration of this process is the time for
homogeneous oxidation of volatile cloud. The acid-washed coal in air (sequence b)

possesses a relatively longer duration for its volatile cloud oxidation. The use of oxy-21
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in place of air for the combustion of coal, either raw coal (c) or its acid-washed residue
(d), increased the duration of this homogeneous process. Quantitative analysis of the
volatile oxidation duration (t, ms) and volatile oxidation rate (r, mg/s) were statistically
carried out by analyzing more than 100 igniting spots for each case, and summarised in

Figure 4.11. Here, the volatile cloud oxidation rate was derived by

_VwhF
t

r (4.3)

The Fifor the fraction of liquid tarry volatiles was taken from Figure 4.9, and the ignition
delay t was taken from Figure 4.8. For all the cases examined here, the volatile cloud
oxidation times fall in a wide range from ~ 17 ms to 36 ms, which is longer than a
maximum duration of 12 ms (on average) confirmed by the imaging of Pittsburgh
bituminous coal combustion by an ICCD camera (Shaddix, 2009), although the ignition
delays of the coal samples tested here are rather comparable with the Pittsburgh coal. For
raw coal sample, its volatile cloud oxidation in air lasted for approximately 17 ms,
relative to ~ 19 ms, ~ 18 ms and ~16 ms for oxy-21, oxy-26 and oxy-31, respectively. The
changes on it were smaller than the change on the respective ignition time in Figure 4.4
(a). The addition of clay to raw coal affected little on the oxidation duration of volatile
cloud except the oxy-21 case where the volatile oxidation duration was slightly reduced
compared with raw coal. The acid-washing is more influential, enlarging the volatile
cloud oxidation time (compared to raw coal) by around 4 ms for the three cases of air,
oxy-26 and oxy-31, and even as larger as 14 ms in the oxy-21 case. Clearly, the ash-
forming metals played a pivotal role in catalysing the oxidation of tarry volatile cloud, via

acting as the oxygen-shuttling agent.
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Figure 4-11 Liquid volatile combustion time (ms) on coal particle surface and its combustion
rate (mg/s)

The volatile cloud oxidation rate derived from equation 4.3 demonstrates a slow oxidation
rate for the volatile cloud on the acid-washed coal surface. Interestingly, the addition of
clay promoted volatile cloud oxidation rate, although it affected little on the duration.
This is due to the enhanced amount of the volatiles on coal particle surface, as discussed
before. The extra tarry species were consumed at a same rate as those derived from raw
coal pyrolysis. Same as that has been confirmed by ignition, the clay used should also be
insignificant in promoting oxygen shuttling for the oxidation of volatiles. However, upon
the mixing of coal with clay, the larger quantity of heat would be produced by volatile
oxidation, which in turn increased char particle temperature and its oxidation rate, leading
to a brighter top section for the flame observed in Figure 4.3. This is supported by the

calculation results on the adiabatic particle temperature of volatile cloud (detailed in
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Appendix A) inFigure A.6 in appendix A. For the raw coal and acid-washed coal with an
average amount of 2 wt% volatile cloud on its surface, its adiabatic particle temperature
in air reaches approximately 1100 K, which is raised to ~1500 K when the clay is mixed

with coal. The similar increment was confirmed in the oxy-21 case.

The oxidation rate of volatile cloud and its duration in Figure 4.10 and 4.11 for raw coal
and acid-washed coal can also be fitted by the TGA devolatilisation rate with the
parameters in Table 4.3. Following a simple first-order reaction model for coal
devolatilisation (detailed in Appendix A), Figure 4.12 reveals the completion of raw coal
devolatilisation in 20 ms and 24 ms for air and oxy-21 case, respectively. This is
consistent with the corresponding values calculated in figure 11. The bottom panel in
figure 12 also indicates a maximum release rate of raw coal volatiles at around 7.5 ms
and 11 ms for air and oxy-21, respectively. This is in good agreement with the
photographic sequence for the two raw coal cases in figure 10. In contrast, the acid-
washed coal, released maximum 0.4% of its volatiles in 40 ms in air or oxy-21 cases. Its
volatile release/oxidation rate is also far slower than raw coal (see the bottom panel of
figure 12). Here again, this was caused by loss of the catalytic metals in coal matrix. For
the unreleased volatiles within char matrix, their oxidation should occur in parallel with

the ignition and oxidation of the remaining char particle.

The oxidation rate measured here for the tarry species derived from lignite pyrolysis falls
in the range of 0.1 — 0.3 mg/s, which is comparable to the wood volatile of approximately
0.25 mg/s(Bartle, 2009) in Table 4.4. This range is however far different from pure
aliphatic liquid fuels and aromatic fuels (Tewarson, 1995) in Table 4.4, indicating the
complexity for the components in volatile cloud. Moreover, by taking the surface area of
volatile cloud (calculated by using its averaged diameter derived from Figure 4.6) into
account, the volatile cloud oxidation rate can be further deduced to be 5.9 x 10° — 1.48 x
10-2g/(cm?.s), which is significantly higher than the intrinsic reactivity of brown coal char
of 10® — 10*g/(cm?.s) at 1000-1660 K (Smith, 1982). Clearly, the heat feedback from
volatile cloud combustion is essential to promote char particle oxidation. The
demineralisation of lignite reduced both the release and oxidation rates of volatile species,

which thus mandates the use of an oxygen-enriched environment to ensure an efficient
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combustion. The mixing of clay is beneficial in promoting volatile cracking and its

oxidation rate under the oxygen-lean oxy-fuel conditions, although the benefit is marginal

compared to the removal of inherent ash-forming metals from coal matrix.
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Figure 4-12 Predicted devolatilisation mass loss and rate of the raw coal and acid-washed coal
in air and oxy-21 cases. The TGA data in table 3 were used for prediction based on first — order

reaction.
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Table 4-4 Combustion rate for liquid fuels in the literature (Smith, 1982, Tewarson, 1995)

kg/(m?.s) | mg/s
Polyethylene 0.026 0.044
Heavy fuel oil (2.6-23 m) 0.036 0.061
n-Heptane (1.2-10 m) 0.075 0.126
Benzene (0.75-6.0 m) 0.081 0.137
Diesel (2 mm) - 1.000
n-dodecane (2 mm) - 1.500
n-heptane (2 mm) - 1.500
wood volatile - 0.250

45. Conclusions

In this study, intensive experiment and discussion have been conducted on the ignition

and flame properties of Xinjiang (China) lignite in air versus oxy-fuel combustion, and

the influence of inherent ash-forming metals and external clay on its combustion

properties. Through the use of a FFBR coupled with advanced optical diagnosis tools, the

dynamic release of lignite volatile, formation, ignition and oxidation of volatile cloud,

and flame propagation have been explored intensively. The major conclusions as follows

have been achieved.

1. At a heating rate of approximately 10° K/s in the FFBR, the ignition of the lignite
tested was triggered by the homogeneous ignition of tarry volatile cloud on particle
surface. The alkane species are supposed to dominate the first ignited volatile cloud
with an auto-ignition temperature of approximately 500 — 600 K and an oxidation rate
of 0.1-0.3 mg/s. Its fraction in the total volatile matter accounts for 2.0-3.5 wt%,
depending on the existence of inherent ash-forming metals and external clay.

. The removal of HCI-soluble metals shifted coal devolatilisation towards higher
temperatures. The volatiles of acid-washed coal were released slowly. Its ignition
time and oxidation duration were increased by nearly twice in air and oxy-21,
compared with raw coal. The flame formed was lifted up (thus unstable) from the
burner base.

. The mixing of external clay with coal affected little on coal ignition onset in air and

oxy-21, relative to coal alone. It enhanced the decomposition of volatiles, leading to a
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larger volatile cloud shielding on coal particle surface that in turn enhanced coal
flame, char particle temperature and burnout rate.

4. The oxygen fraction in bulk gas is most influential in coal ignition and oxidation rate.
Increasing oxygen fraction to 30% in bulk gas eliminated all the gaps between raw

lignite, its acid-washed sample and the mixture of lignite and clay.
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4.6. Nomenclature
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Particle temperature, K
The peak temperature in coal oxidation profile
measured by TGA, K
Initial temperature of coal particle, K
Igniting coal particle temperature, K
Volumetric specific heat capacity of bulk gas,
Volatile release rate, [-]
Mass fraction of volatiles in air-dried coal, [-]
Gas constant, cm® atm/(mol.K)
Gas pressure, atm
Single coal particle volume, m*
Fraction of liquid tarry volatile cloud on particle
surface, [-]
Initial mass fraction of fuel, [-]
pre-factor for fuel ignition reactivity, s
Combustion heat release per mass of fuel, KJ/g
volatile flame radius, m
The amount of oxygen needed to burn per gram
of volatiles, [-]
Particle radius, cm
Volatile cloud oxidation rate, mg/s
time, s
Air-dried coal density, g/cm?®
Heating rate for particles in TGA, K/min

auto-ignition time of a fuel,
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Chapter 5

Effect of Inherent Moisture on Volatile

Ignition
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5. INFLUENCE OF INHERENT MOISTURE ON VOLATILE IGNITION AND
FLAME PROPAGATION OF WET VICTORIAN BROWN COAL IN OXY-
FUEL COMBUSTION

In this chapter, the influence of moisture on volatile ignition and flame propagation is
investigated in a FFBR. This study for the first time reported the volatile ignition and
oxidation for wet Victorian brown coal in both air-firing and oxy-fuel modes.
Additionally, mathematical modelling using MATLAB was also performed to quantify
the drying extent of brown coal.

5.1. Introduction

As a substitution for high-rank bituminous coal, low-rank coal has been receiving
increased attention from the energy and mining sectors worldwide. Burning low-rank coal
results in a high CO. emission rate compared to that of high-rank coal. In Victoria,
Australia, the pulverised coal-fired power stations provide more than 85% of the
electricity need in the whole State. Upon the restraint on CO2 emission, there is an urgent
need from the brown coal industry to deploy the next generation low emission
technologies such as oxy-fuel combustion (Tomita, 2004). A common feature of brown
coal is the presence of abundant inherent moisture within its carbonaceous matrix. An
accurate understanding on the fate of brown coal moisture at high temperatures is pivotal
for its burner/furnace design.

To date, the coal drying mechanism was simplified as the initial combustion step that was
separated from and had little overlap with the following combustion sequences. This is
the fundamental for wet coal combustion simulation in the commercial computational
fluid dynamics (CFD) program, Fluent (2011, Kurose, 2001). The application of
shrinking-core model to study the drying behaviour of Victorian brown coal in hot gas
has been developed and verified (Mclintosh, 1976a, Mcintosh, 1976b). Once being
vaporised, the moisture was merely considered as a form of external steam, creating
steam-rich environment that is similar to wet flue gas recycle in the oxy-fuel mode (Hetch,
2011, Hu, 2011). In the previous lab-scale drop-tube furnace (DTF) study on wet coal
combustion, the reduction on the temperature of burning wet coal particle has been
witnessed, which was supposedly due to the contribution of steam gasification reaction
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towards the char matrix, as opposed to the steam gasification from the ambiance steam
(Binner, 2011). In addition, a study on wet coal pyrolysis in drop-tube/fixed-bed furnace
revealed the enhanced in-situ steam gasification on nascent char surface (Yip K., 2007).
Following these observations, there are two types of moisture identified, one is external
moisture that is released during the initial drying step and the other is internal moisture
that preferentially remains firmly within coal matrix over a longer period of time. The use
of a Curio-point pyrolyser further revealed the promoting effect of Sorbed water on the
transformation of oxygen and hydrogen atoms into char, gaseous products CO and Ho,
and liquid tar, probably via enhanced hydrolysis reactions (Hayashi, 1999). More
interestingly, early work on coal-water slurry combustion revealed that, for an American
lignite Beulah-water slurry droplet containing 60 wt% coal and in a size of 490-730 um,
its heating upon a Bunsen burner exhibited an initial temperature plateau at ~200°C,
rather than 100°C for the case of water evaporation from bituminous coal-water slurry
(Yao, 1983). This was explained by a simultaneous moving of both water evaporation
front and thermal front towards the centre of the droplet, as well as a violent
devolatilisation of brown coal even at very low temperatures. The similar phenomenon
was observed in another work for the combustion of wet Victorian brown coal (Loy Yang)
in a fluidised bed reactor (Jung, 1980). At a hot air temperature of 770°C and an original
coal size of 5.6-6.4 mm, approximately 40% of volatiles and 80% moisture (bulk and
capillary waters) were released simultaneously in the first 15 s. The released water
evaporation is continued, and the monolayer and/or multilayer water constitutes the most
strongly held materials that are supposed to remain permanently in char particle. The
authors confirmed a nearly constant total burnout time over a wide range of moisture
content in coal, and even a faster burnout rate for the char from wet coal than from the
nearly dried sample. This was hypothesised due to a greater porosity and/or a greater
concentration of active sites of the wet coal char, rather than water-gasification reaction
that was considered elsewhere (Matsuoka, 2009). Surprisingly, no research was continued

further to prove these interesting but contradictory observations.

In this study, a flat flame burner reactor (FFBR) coupled with transparent quartz reactor
and advanced in-situ optical diagnosis tools was employed to examine the combustion

characteristics of wet Victorian brown coal in both air-firing and oxy-fuel modes. The flat
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flame generated from the burning of gaseous fuel provided a rapid heating rate of ~10°
C/s that is comparable to that in industrial-scale power plant. Moreover, high-speed
camera with a maximum shutter speed of 5000 frames per second (fps) was used to track
individual particles behaviour upon drying, devolatilisation, volatile cloud ignition and
char particle motion (Zhang, 2010a, Binner, 2011, Zhang, 2010b). Apart from air-firing,
the oxy-fuel condition was also employed to examine the combined impacts, if any, of
CO. and steam on brown coal combustion characteristics. In order to further interpret the
experimental results, a traditional one-dimensional single-film model with multiple
surface reactions was applied and its results were compared with the collected
experimental data. A joint effort of both experimental investigation and modelling study
is expected to quantitatively clarify the role of moisture on the individual steps
underpinning the combustion of brown coal in both air and O2/CO, mixtures. This study
has been split into two parts: part 1 for the study on volatile ignition and flame structure,

and part 2 for char oxidation temperature profile.
5.2.  Experimental facility
5.2.1. Fuel properties

The coal sample used was mined from Loy Yang open-cut seam in the Latrobe Valley,
Australia. It is milled to a size fraction of 63-104 xm, similar to that used in the industrial
power plant. The proximate and ultimate analysis of the brown coal is tabulated in table
5.1. The equilibrium moisture content in the coal is 12 wt%, termed as the air-dried coal
sample in this paper. The air-dried coal sample was prepared by natural drying of the as-
mined wet coal in ambient air and remained unchanged in the laboratory environment.
The moisture remained should be attributed to the monolayer/multilayer moisture that
binds atomically with the functional groups in coal matrix. For the wet coal samples, they
were prepared by mixing the de-mineralised Milli-Q water to the air-dried coal, rather
than drying the as-mined wet coal to a certain moisture level. The prepared wet coal
samples were placed in a sealed bottle that was thoroughly mixed at the speed of 300
RPM in the rotator overnight. This is to ensure that the added water was fully adsorbed
into coal matrix, and the porosity was identical for both the dried and wet coal samples.

The current particle feeding system has a limited capability to supply wet coal with the
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maximum moisture content of 30 wt%. Therefore, the wet coal samples with two
moisture contents, 22 wt% and 30 wt%, were prepared and were identified as semi-dry
and wet coal hereafter, respectively. For comparison purpose, the air-dried coal with 12
wt% equilibrated moisture is denoted as dry coal throughout this study.

Table 5-1 Properties of brown coal sample used in this study

Proximate Analysis ( wt% dry-basis)
Moisture content 12.0
Fixed carbon 47.1
Volatile matter 51.1
Ash 1.8
Ultimate Analysis (wt% dry-ash free)
C 65.7
H 6.8
N 0.6
S 0.5
O (by-difference) 25.8

5.2.2. Non-premixed flat-flame burner reactor (FFBR)

The non-premixed Hencken flat-flame burner provides wide-range of flexibility on the
gas temperature and the concentration of the O> at the post-flame based on the chosen
flow rates of the fuel and oxidizer gases. The schematic of FFBR has been shown in
Figure 4.1 in the previous chapter. In this study, the fuel/oxidiser ratio was adjusted to
provide post-flame oxygen concentration of 16-31 vol%, to study the effect of oxygen
concentration in oxy fuel on wet coal combustion, whereas the steam concentration
remained constant at 17.5 vol%. It is assumed that the concentration profile of the species
gas (02, CO2, H20 and N2) was uniform at the cross section. The burning of gaseous fuel
lasted for at least 30 mins before coal was introduced into the reactor, to ensure a steady
state temperature profile along the reactor height. The summary of the experimental
conditions is given in Table 5.2. The concentration of the species gas in the reactor was
calculated based on the stoichiometric reactions of gaseous fuel with oxygen assuming a

complete combustion of ethylene/H> vapour. The chosen fuel/oxidizer flow rates provides
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ambient temperature of 1200 K near the burner base, at the total gas flow rate of 11 slpm,
regardless of the oxygen mole fraction. The gas temperature along the reactor height was
measured using a type-K thermocouple and corrected for radiation loss (Shaddix, 1999).
The calculation procedure to account for the radiation loss from the thermocouple is
supplied in the Section A of the supporting documentation.Figure 5.1demonstrates a
similar gas temperature profile along the reactor height for both O2/N. and O2/CO:
mixtures under the blank condition (with no coal flowing). The gas temperature profiles
are similar for all cases and therefore, have no effect on the coal ignition and combustion

under different experimental cases.

Table 5-2 Summary of the experimental condition in this study

Gas composition (vol%)
Gas Species Air 21%0,/CO> 31%0,/CO,
02 21.03% 21.57% 31.54%
N2 44.04% 0.00% 0.00%
CO2 16.44% 59.92% 49.89%
H20 18.49% 18.50% 18.59%

—a—21%0_/N, (air)
I T D:"CD:
- £-31%0,/CO,
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Figure 5-1 Centre-line gas temperature profile in air and 21%0,/CO,
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5.2.3. Non-intrusive in- situ optical diagnostics facility

A P7000 Nikon CCD digital camera and a Motion Pro Y3 High-speed camera from IDT
lens at a shutter speed of 1000 frames/s were employed for coal flame images acquisition.
The high speed camera was also fitted with a 25mm micro - lens for high magnification
images to capture fast-transient event that happens during the initial heating and
combustion stage. The captured images were analysed using an open-source image
processing software, Image-J, to obtain information regarding coal flame length, ignition
point, burning particle size and particle velocity. The procedure to analyse data from

CCD camera has been detailed in Section 3.2.1.

The trajectory and transformation of individual particles, including particle velocity, coal
ignition point, and volatile cloud size, were tracked with a pre-calibrated high-speed
camera. The images were taken at the first 1 cm, 5 cm and 10 cm above the burner base.
The particles velocity was calculated by measuring the displacement of same individual
particle between two adjacent frames, taking 1ms time interval between frames from the
capture speed of 1000 fps. The detailed methods to calculate the particle velocity based
on high-speed camera images have been described previously (Zhang, 2010a). The
average particle velocity profile of the individual particle along the flame is given in
Figure 5.2. The average particle velocity in oxy-fuel atmosphere is slightly lower as CO;
has higher density than N2. The rapid increase in the initial 5 cm of burner height is due to
a rapid heating of individual coal particles that is caused by the mixing of cold carrier gas
with surrounding hot gas. The particle speed reaches equilibrium with the surrounding

gas as it travels along the reactor height.

The particle ignition point and volatile cloud size were measured from the high speed
camera images, using Image-J. Compared with the images from digital camera, the high
speed photography images provides more accurate representation of initial coal burning
point that defines the particle ignition distance. The ignition point was measured from the
burner base to the first point where the igniting bright spots were observed. The ignition
time, volatile oxidation and char oxidation time were calculated by dividing measured

lengths with the calculated particle velocity at their respective height. Note that, a low
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particle feeding rate of ~0.1g/min was used throughout this study to ensure the

observation of single particles with minimal interference between one another.
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Figure 5-2 Calculated average particle velocity of dried and wet coal

5.3.  Mathematical formulation

To interpret the experimentally observed coal particle ignition stage, a forward difference
method and pseudo-code algorithm, as visualised in Figure 5.3, were employed to solve
the sets of differential equations for particle heat-up, drying and devolatilization. The

equations for these sub-steps are as follows:

Coal Drying: The receding wet-core dry-shell model from Mcintosh (Mclintosh, 1976a,
Mclntosh, 1976b) was used to calculate the coal drying time by equations (1) and (2).
These equations below describe drying rate to be constant, which equals to the initial
drying rate of non-shrinking water droplet. This expression has been accepted for the

pulverized coal <100 pm.

MC = MCy(1 —nt) ...Equation (1)
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Where MC and MCo are current moisture content coal and the initial moisture content

within coal matrix, respectively, t is the drying time required to achieve current moisture

content and n is an empirical constant expressed as:
6h(Tg—Tq)

~ HppwcIMColdp
(1+ MCy)

...Equation (2)

Where h = convective heat transfer coefficient, calculated based on a Nusselt number of 2
for pulverized coal combustion (Murphy, 2006), and the properties of gas mixtures were
calculated based on the Wassiljewa’s Equation with Maxon-Saxena formulation (Saxena,
1971), T4= gas temperature, Ta= coal wet bulb temperature, Hp is the latent heat of
vaporization, pwc is density of wet coal and d is particle diameter. The wet-bulb
temperature of hot gas, Ta is a function of ambient gas temperature and is set at 360 K for

the hot gas temperature of 1200K in this study.

Coal Devolatilisation: The coal devolatilisation is modelled by a single kinetic rate model
that assumes the rate of devolatilisation as first order (Baum, 1971), where the volatile
release rate is proportional to the amount of volatile released and expressed as:

av Egevo * .
— = Adevor €XP (— %) [V*—V] ...Equation (3)

Where V is the present mass of volatiles remaining and V* is the initial volatile amount.
The kinetic data for Arrhenius form of the equation was determined from thermo-
gravimetric analyser. For Victorian brown coal studied here, the volatiles can be assumed
to be composed of light hydrocarbon (Zhang, 2013), which is assumed as CHas in this
study.

Coal Particle Heat-Up by Energy Balance: During the particle heat up stage, the particle
absorbs heat from the hot gas as well as radiation heat from the furnace wall. The particle

temperature was estimated using the following energy balance equation:

ar, .
mPCP d_tp = hAp (T°° - Tp) + SGAP (TW4 - Tp4) + Qreaction-quuatlon (4)

Where m, is particle mass (kg), cp is heat capacity of coal particle (kJ/kgK), h is
convective heat transfer coefficient calculated assuming Nusselt number of 2. Ty is wall
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temperature (773K), Tg is gas temperature measured with thermocouple, ¢ is particle
emissivity (0.8) and o is Stefan Boltzmann constant. Qreaction refers to heat loss by

vaporization and pyrolysis.
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Figure 5-3 Calculation procedures to determine the extent of wet coal moisture evaporation

Regarding the ignition point for coal volatile combustion, it corresponds to the time
required for particle to reach the stage where its volatile released has a local concentration
equaling its flammability. In a numerical simulation approach, such a time includes the
above-mentioned particle heat up, drying, and the release of volatiles. Once released, the

volatiles are assumed to ignite instantaneously. Figure 5.4depicted the calculated mass
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loss profile of the dried coal in air with the variation in its drying extent to demonstrate

how the drying could affect the volatile release time, its mass loss derivative and local

particle temperature. The mass loss derivative axis, on the right hand side, depicted the

first order derivative of the weight loss over time. The turning point that defines the start

of the devolatilization was defined from the sharp increase in the derivative graph at the

time of ~10 ms, signifying the start of weight loss due to devolatilization. This point can

be defined as the coal ignition time. The turning points in a mass loss- time plot in Figure

5-4at 10.2 ms, 11 ms and 12 ms were defined as the ignition time based on the drying

extent of 30%, 65% and 85%, respectively. The particle temperature at the time of

volatile release was found to be around 700 K.
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Figure 5-4 Method to determine the brown coal volatile release time with the variation of the

drying extent to calculate the coal ignition time.
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5.4. Results and discussion
5.4.1. Experimental observation on flame structure and ignition characteristics

The representative images for the combustion of all coal samples in air are visualised in
Figure 5.5(a), whereas in panel (b) are the axial gas temperatures measured for the three
coal samples with different moisture content. As demonstrated in panel (a), the flame
from the combustion of dried coal has the highest intensity, whereas the boundary
between different stages is vague. This is an indicator of the intense oxidation of dried
Victorian brown coal due to its high reactivity, as has been confirmed previously (Zhang,
2010b). This is also in agreement with the precious brown coal ignition modeling studies
where homogeneous ignition was found applicable for the fine brown coal particles (<100
pm in diameter) immersed in 1000 K hot gas (Stevenson, 1973). The existence of
moisture in coal matrix significantly changed the flame pattern. The semi-dried coal
exhibits a clear boundary between its pre-ignition stage and volatile flame front. Such an
ignition delay should be attributed to the evaporation of moisture within the coal particle.
The flame observed also has a much weaker intensity than that observed for the dried coal.
Regarding the wet coal with 30 wt% moisture within it, its flame formed is the weakest,
and the bright flame for volatile oxidation observed for the other two coal samples was
extinguished as well. Panel (b) reported the difference between the measured axial gas
temperature in air for both blank case and the case with coal fed into the reactor. At the
height of 50 mm closer to the coal ignition location, the measured gas temperature in the
presence of wet coal combustion were ~150 K lower than the gas temperature measured
in the presence of dried coal combustion. The observation here further strengthened the
above observation that the volatile flammability was greatly reduced by the presence of

the abundant moisture with the wet coal.
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Figure 5-5 Combustion of dried coal, semi-dried coal and wet coal in air (21% O./N); Panel
(a): flame structure; Panel (b): Measured axial gas temperature with coal burning in the
reactor with relative to the blank gas temperature

Shifting the combustion atmosphere to oxy-fuel mode resulted in elongated coal flame
with remarkable decrease in its intensity, irrespective of moisture content in coal. As
demonstrated in Figure 5.6(a), the flame formed for dried coal in 16% O- diluted by CO>
exhibited the longest length, due to the large specific heat capacity of CO. (Shaddix,
2009), and a slower diffusion rate of Oz in COz-rich atmosphere. The combustion

intensity was enhanced upon the increase of oxygen concentration in CO. For the oxygen
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concentration of 31 vol% in COg, the flame luminosity was found to even bear a stronger
intensity than in air, which can be due to an enhanced rate for the heterogeneous
oxidation of char particles. The similar results were observed for the combustion of semi-
dried coal in oxy-fuel mode, whereas its flame intensity in each case is weaker than the
dried coal under the same condition. The flame length is also longer than the dried coal,
which is another strong indicator of a low combustion rate including ignition for semi-
dried coal. For wet coal in panel (c), its particle ignition was unstable and even
extinguished in the 16%0,/CO,. The flame was detached far from the burner base,
substantiating the significant delay by the evaporation of added moisture prior to particle
ignition. The flame stability was gradually improved by increasing the oxygen fraction to
31%. Nevertheless, the flame was still unstable and lifted up from the burner, the pattern
of which also differs distinctively from both dried and semi-dried coals. Figure 5.7
illustrated the gas temperature discrepancy between blank case and the combustion of a
coal sample under the oxy-firing mode. Here again, the gas temperature was measured at
the height of 50mm which is very close to particle ignition point. Similar to the trend
reported in Figure 5.6, the gas temperature upon the wet coal combustion is the lowest in
each oxygen concentration, which is only 20-40 K higher than the blank gas temperature.
Apparently, the endothermic evaporation of coal moisture reduced both particle and gas
temperatures significantly. Upon the increase of oxygen content in flue gas, the gas
temperature discrepancy for dried coal was gradually narrowed down. This is due to an
enhanced ignition that resulted in a quicker completion of dried coal particles. On the
contrary, the upward trend for another two coals indicates that the increase in the

oxidation rate of these two wet coals upon increasing oxygen content is rather marginal.
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Figure 5-6 Representative images of the flame structure captured with digital camera in oxy-
fuel combustion case for (a) dried coal, (b) semi-dried coal, and (c) wet coal
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Figure 5-7 Difference between measured axial gas temperature with and without coal burning
for dried and wet coal samples in oxy-fuel case

Following the classic theory of coal drying at which the coal drying is defined as the
initial stage to be accomplished completely and separately prior to devolatilisation and
ignition, the flame formed for wet coal should be identical with the dried coal in terms of
flame intensity and shape, with the exception of an initial ignition delay to accommodate
a short period for the evaporation of coal moisture. Moreover, the steam generated from
the evaporation of coal moisture should be swept rapidly into bulk gas. Its interference to
the subsequent volatile and char oxidation is thus negligible, as the maximum amount of
steam derived from wet coal moisture evaporation accounts for only 0.03 g/min, based on
a coal feeding rate of 0.1g/min of coal. This is equivalent to 0.04 slpm of extra steam
contributed to flue gas which constitutes ~2-2.5slpm of steam derived from the gaseous
fuel combustion. Therefore, the afore-mentioned phenomena observed in this study
cannot be explained by the classic theory based on a consecutive sequence for individual
steps. Figure 5.8 depicts the durations of the three steps from particle ignition to volatile
combustion and char oxidation, calculated based on the analysis of flame images obtained
from CCD camera. For the ignition duration shown in panel (a), the change is trivial upon

the change from dried coal to wet coal in air-firing, which accounts for 2-4 ms. The
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substitution of O./CO,mixtures for air further narrowed down and even diminished the
discrepancy in the ignition between the three coal samples, irrespective of oxygen
fraction in the bulk gas. This indicates an overweighing effect of CO, over the inherent
moisture on coal ignition in the oxy-fuel mode. Regarding the duration of volatile
combustion in panel (b), although the discrepancy between three coal samples is
negligible in air, an enlarged gap upon increasing the moisture content was confirmed for
all the oxy-firing cases examined here. That is, the wet coal possessed the longest
duration than its two counterparts in any oxygen fraction. The similar phenomenon was
confirmed for the char oxidation stage shown in panel (c). Apparently, the steam created
from the evaporation of coal moisture partially or even fully resided in the vicinity of
burning coal particle, which in turn exerted a remarkable impact on the oxidation duration

of both volatiles and char particle.
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Figure 5-8 Comparison of the combustion time for all coal samples in all combustion cases, (a)
ignition time, (b) volatile oxidation time, (c) char oxidation time
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5.4.2. Comparison of experimental observations on coal ignition with modelling

prediction

Back to Figure 5.5, the length of the yellowish segment in a flame refers to the initial
flame front for coal volatile ignition, which is made up of moisture evaporation and
volatile release. The high-speed camera observation was further conducted to accurately
capture the ignition of coal particles (i.e., bright spots in the field of view of a camera) so
as to determine the distance and time for coal ignition. Subsequently, the results were
compared with the modelling prediction to quantify the fraction of moisture evaporated

prior to the ignition of coal particle.

Figure 5.9 demonstrates how the moisture evaporation extent affects the ignition time of
a coal sample, according to the numerical approach. Irrespective of the initial moisture
content, the ignition time of coal particle increases proportionally with the increase on the
evaporation extent of moisture within it. This is due to the drying equations (1) and (2)
used, which describes a linear relationship between the moisture evaporation rate and the
required drying time. By matching the experimentally measured ignition time and the
prediction curve for a coal sample, one can then quantify the moisture evaporation extent
consequently. Figure 11 illustrates the matching results for the air-firing case, from which
one can reveal the evaporation of approximately 30%, 20% and 10% for the moisture out
of the dried coal, semi-dried and wet samples, respectively. These results substantiated an
incomplete coal drying prior to particle ignition. In other words, the coal drying step and
devolatilisation overlap significantly for the wet brown coal sample studied here. Such a
conclusion is not surprising, which broadly agrees with the observations in the
combustion of wet brown coal in fluidised bed reactor (Jung, 1980). In addition, the
descending trend for the moisture evaporation extent from dried to wet coal indicates the
encapsulation of the majority of the inherent moisture in the igniting wet coal particle.
This can be explained by a slow motion of the moisture evaporation front towards the
core of wet coal particle, due to less heat feedback generated from its igniting surface.
Consequently, the unevaporated moisture residing inside coal particle has less

opportunity to escape.
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The substitution of CO> for N2 to dilute oxygen is supposed to affect little on coal particle
drying time, because the molar thermal conductivity of these two gases are identical. In
equation 2, the thermal conductivity is the only property of a bulk gas affecting the
moisture evaporation. A review paper on pulverized coal combustion (Chen, 2012) has
also substantiated this statement. In this sense, the ignition delay upon shifting air to
0,/CO; in figure 7(a) is mainly caused by the large specific heat capacity of CO; and any
other factors that are not related to coal drying step.
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Figure 5-9 Effect of the extent of moisture evaporation on the ignition time of all three brown
coal samples in air

Figure 5.10 plotted the measured ignition times for the oxy-fuel combustion of three coal
samples, versus the predicted values. The drying time in O2/CO; was fixed as the same as
in air in the model. The dashed curve in each panels refer to the parity line for the match
between measured and the respective prediction value. The air-firing results were also
included as reference. Compared to the air-firing points falling on parity lines, the oxy-
fuel results deviate remarkably from the parity lines. For a given O./CO: ratio, the
prediction on wet coal is underestimated the most, whereas increasing the oxygen fraction
in CO, narrowed down the discrepancy between prediction and the measurement. The

ignition of dried and semi-dried coal in 31% O2/CO, was predicted satisfactorily, as
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indicated by the insignificant gap between the experimental points and the parity line. In
contrast, the gap is still rather large for the wet coal ignition in 31% O». Apparently, apart
from the large specific heat capacity of CO. that has been incorporated into the model,
there are a few of extra factors that negate the wet coal ignition under oxy-fuel mode. The
first is the decreased flammability and ignition potential of volatiles on particle surface,
due to the alteration of volatile composition and concentration through the dilution of
CO: and steam. Secondly, the released steam has the potential to push the volatile flame
front outwards away from particle surface, which in turn provides less heat feedback for
the continuation of particle combustion. Thirdly, the possibility of the endothermic
reaction resulting from char-steam gasification reaction on char surface reduces particle
temperature. Another probable explanation is the different volatile oxidation mechanism
in oxy-fuel mode, as this has already been clarified in the literature (Glarborg, 2008).
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Figure 5-10 Experimental and prediction of ignition time for all combustion cases (a) dried
coal, (b) semi-dried coal, (c) wet coal

5.4.3. Influence of moisture on coal volatile combustion

Figure 5.11 illustrates the dynamics of dried coal volatile ignition and the motion of

igniting particle in air versus oxy-fuel mode with 21% and 31% O balanced by CO>. In

123



CHAPTER FIVE: INHERENT MOISTURE ON VOLATILE IGNITION

the upper panel for the air case, the dried brown coal particles were confirmed to ignite
quickly once passing the flat flame layer, emitting a strong radiative heat from its surface
in the field of view of the high-speed camera. The appearance of large bright spots
surrounding the igniting particles is a direct sign of the release and formation of volatile
flame and its preferential residence at particle vicinity, same as that has been observed for
the combustion of the same coal in the drop-tube furnace (Zhang, 2010b, Zhang, 2010a).
A portion of the bright spots such as the one cycled in left hand of the dashed line also
possess a long trace, which is the sign of a violent release and eruption of volatiles upon
the provision of heat feedback from oxidation of the initial volatiles. The released
volatiles were oxidised gradually, changing the sold particle from a circular shape at the
start of volatile oxidation to a thin rod-like shape with weak radiation intensity, as
demonstrated by the last spot falling on the right end of the dashed line. The change in the
particle shape was attributed to the change in the particle velocity as well as the release
extent of volatiles. The residence of volatiles on particle surface induced the formation of
volatile cloud which possesses a circular shape and moves slowly due to the buoyance
force, whereas the consumption of volatile cloud resulted in the exposure of solid char
particle in the bulk gas, which moves fast in the field of vile of the high-speed camera
(Zhang, 2010a). Based on this analysis, the volatile oxidation of the traced particle in air

was found to be accomplished in 5 ms.

With the substitution of air by 21% 0O,/CO, the igniting coal spots were much thinner
and less populated in number density, as shown in the middle panel in Figure 5.11. The
ignition time for a luminous spot was also longer than 5 ms, as suggested by the little
change on the shape of traced particle along the dashed line. The reasons for this can be
attributed to the larger specific heat capacity of CO, than N. and the slower oxygen
diffusion in CO.. A slow ignition of the initially released volatiles induced the provision
of less heat feedback to coal particle, and further reduced coal devolatilisation rate. By
increasing the oxygen fraction from 21% to 31% in CO2, more spherical spots surrounded
by a thick volatile cloud layer were produced, demonstrating the enhancement on particle
ignition and volatile oxidation in the oxygen-rich environment. The bottom panel in
figure 7 illustrated this phenomenon. Moreover, compared to the air case, the volatile
cloud formed in 31% O,/CO is rather small. This is an indication that the volatile is

consumed rapidly. A simultaneous oxidation of volatiles and char particles has been
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reported for the combustion of Victorian brown coal in the oxygen-enriched environment
(Shaddix, 2009).

25mm T
210’/0 O::/N:
Base |
Base | IlIIl
25mm |
31% O,/CO,
Base |

Interval: 1 ms

Figure 5-11 Representative images of dried coal captured near the burner base

The progress of wet coal ignition is even more intriguing, which is illustrated in Figure
5.12. For the reference air case, the igniting wet coal appears as a large spot with a long
trace of volatile cloud compared to the dried coal. Such evidence strongly supports our

hypothesis that moisture evaporation and volatile release overlap remarkably in the wet
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coal case. It also proves the accuracy of the prediction results in Figure 5.9, where the
majority of the moisture (~90%) is predicted to remain in wet coal matrix after ignition.
The similar phenomenon was observed for the wet coal in 21% O2/CO2 shown in Figure
5.12(b). Compared to air-firing case, a slow ignition and oxidation of volatile in 21%
0,/COz induced a slow evaporation of inherent moisture as well. As a result, the majority
of igniting particles are present as circular spots in the field of view of the camera,
relative to the abundance of rod-like spots for dried coal in Figure 5.11(b). The thick
volatile cloud also remained on particle surface for a relatively long duration. Increasing
oxygen fraction to 31% in CO; intensified the oxidation of volatile cloud, and therefore,
enhanced the moisture evaporation rate as well. Consequently, the igniting particles are
mostly present as rod-like shape with a larger width than those observed for dried coal in
Figure 5.11(c).

The statistical quantification results for the shape distribution of bright spots are further
summarized in Table 5.3. The circular shape with a circularity range of 0.8-1.0
corresponds to the solid char particles that are enveloped fully in volatile cloud; the semi-
circular shape in a range of 0.3-0.8 refers to the slight deviation caused by the volatile jet
trace along the moving direction of an igniting particle, whereas the non-circular shape
<0.3 corresponds to the rod-like moving char particles with fewer volatiles on the surface,
undergoing heterogeneous oxidation on the surface. For the dried coal, shifting the bulk
gas from air to 21% O,/CO- increased the number percentage of the semi-circular spots
for a long volatile jet on the surface. This reflects the ignition delay and slower volatiles
oxidation in CO2-rich atmosphere. Upon the increase of oxygen fraction to 31% in COx,
the population of semi-circular spots was decreased whereas that of the circular shape
was increased to the level close to the air case, as expected. Compared to the dried coal,
the semi-dried and wet coal samples had a noticeable increase in the population of semi-
circular spots, particularly under the oxy-fuel mode. This is also reasonable, as the coal
volatile ignition and oxidation were delayed considerably under these cases, as visualised

in Figure 5.11 and Figure 5.12.
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Table 5-3 Particle shape distribution in air, 21%0./CO, and 31%0,/CO,

Shape descriptions Air-dried coal Semi-dried coal Wet coal
(Circularity range) Air Oxy- Oxy- Air Oxy- | Oxy- Air Oxy- | Oxy-
21 31 21 31 21 31

Circular (0.8-1.0) 40.54 | 3174 | 37.93 38.80 | 25.74 | 2543 | 38.85 | 35.87 | 34.94

Sem"c'gcg)'ar(o's' 58.25 | 65.91 | 61.92 | 58.87 | 70.84 | 73.69 | 58.45 | 63.04 | 64.75

Non circular (<0.3) | 4.21 6.99 1.16 7.83 8.81 4.10 7.36 5.03 2.46
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Figure 5-12 Representative images of wet coal captured near the burner base

Interval: 1 ms
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Figure 5.13 summarized the measured size of volatile cloud and its distribution for all
three coal samples in air and oxy-fuel modes. For each given bulk gas environment, one
can see the enhanced volatile cloud size of semi-dried and wet coal in place of dried
sample. In air, the mean volatile cloud size reached approximately 1400 m for the dried
coal sample, which was twenty times of the original coal size, showing the prevalence of
volatiles on particle surface (Khatami, 2012b). This is reasonable as Victorian brown coal
has abundant volatiles, which make it very reactive compared to other coals. The use of
semi-dried and wet coal sample further increased the mean volatile cloud size to ~1600
um, which echoes the co-existence of volatile and a portion of steam derived from coal
moisture on particle vicinity. The substitution of 21% O2/CO- for air reduced the volatile
cloud size for all the three coal samples, reflecting the slow devolatilisation rate in this
bulk gas. The interesting phenomenon was observed when increasing the O2 content to 31%
in CO2. All three samples exhibited similar cloud size. This is reasonable, as the drying
time for 10% moisture only takes approximately 2 ms in a hot flue gas with a temperature
of ~1000°C, as confirmed by the drying model used in the literature (Mclntosh, 1976a,
Mclintosh, 1976b). The violent oxidation of volatiles in 31% O should feed a much faster
heat back to the core of coal particle for eruption of moisture and volatiles remaining

inside.
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Figure 5-13 Measured volatiles cloud size for all coal samples in the axial centre line of the
FFBR for three different bulk gases

5.5.  Conclusion

For the first time, this paper has provided in-situ observations on the ignition and volatile
flame propagation during the combustion of Victorian brown coal in both air-firing and
oxy-fuel modes. The brown coal samples with moisture content of 12 - 30 wt% was burnt
in a flat flame burner at a heating rate of ~10° K, with 16 — 31vol% oxygen in the bulk gas.

The major conclusions can be drawn as follows:

1. The evaporation of moisture for the drying of Victorian brown coal is incomplete
prior to the particle ignition. The drying extent only accounts for 31%, 20% and 10%
for the air-dried coal, semi-dry coal and wet coal, respectively. This is mainly due to a
quick release and ignition of the volatiles on the dried coal particle surface. The
remaining moisture was released with volatiles together, forming a thick cloud layer
on particle surface.

2. The co-release of moisture and volatiles affected the composition and flammability of
volatile compositions on particle surface. This played a combined role with the large
specific heat capacity of CO- to significantly postpone the volatile ignition in oxy-fuel
mode. For the wet coal with 30% moisture burning in 21% O balanced by CO, its

ignition delay reached around 10 ms, which is also far larger than the model
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prediction due to a changed composition of volatile and mechanisms governing its
ignition in CO2. The percentage of O in bulk gas has an overweighing influence than
the negative effect of CO2 and coal moisture. Increasing its fraction to 31% greatly
narrowed the gap of coal volatile ignition time between air-firing and oxy-fuel mode.
3. The volatile cloud size of wet coal particles was significantly larger than the dried
sample, due to the co-release of moisture and volatile together. Increasing the oxygen
fraction to 31% in either N2 or CO: eliminated the discrepancy of volatile oxidation
duration between dry and wet coal samples, due to an intensified heating of coal

particles in the oxygen-enriched environment
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6. INFLUENCE OF INHERENT MOISTURE ON CHAR-STEAM GASIFICATION
RATE OF VICTORIAN BROWN COAL IN OXY-FUEL COMBUSTION

This chapter is a continuation from wet brown coal study from Chapter 5. In this section, the
influence of steam on char-steam gasification reaction of brown coal was investigated via
experimental and mathematical modelling. The extent of contribution from steam towards
char-steam gasification reaction was determined by matching the theoretical calculated

temperature with experimentally measured temperature.
6.1. Introduction

Oxy-fuel combustion is a promising low-emission technology that could be implemented in
the short term to mitigate the carbon dioxide emitted from the stationary power plants. To
date, most of the investigations mainly focused on the combustion on high-rank and
bituminous coal (Khatami, 2012b, Molina, 2007, Murphy, 2006, Schiemann, 2009, Shaddix,
2009, Hu, 2011). The usage of Victorian brown coal, which is abundant in moisture
(Allardice, 2004), in oxy-fuel mode generates abundant steam in the furnace, due to the
recirculation of flue gas. Wall et al has pointed the necessity of the investigation of steam
dilution in oxy-firing furnace (Wall, 2009). In the previous lab-scale drop-tube furnace (DTF)
study on wet coal combustion, the reduction on the temperature of burning wet coal particle
has been witnessed, which was supposed to due to the contribution of steam gasification
reaction towards the char matrix as opposed to the steam gasification from the ambiance
steam (Binner, 2011). In contrast, another study on brown coal (~10%-60% moisture) in
fluidised bed showed no change in the char oxidation regime with increasing moisture
content, as the moisture has been completely dried prior to volatile release (Jung, 1980). A

clear and generalised view on the oxy-firing of Victorian brown coal has not yet been reached.

Numerous approaches on the CFD modelling have also been done in oxy-fuel combustion
(Al-Abbas, 2011, Al-Abbas, 2012b). The combustion behaviour has been successfully
predicted from using the Kkinetic-diffusion single film model, but it neglected the effect of
CO:2 and steam gasification reaction that may be significant in oxy-fuel atmosphere. Our
previous modelling works has successfully utilised the multiple reaction model, including

char - Oy, char - COzand char - H2O to predict the brown coal burning temperature profile in
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drop-tube furnace (Zhang, 2013). One-dimensional modeling approach using SKIPPY
(Surface Kinetics in Porous Particles) has also successfully clarified the effect of CO, and
steam gasification reaction on the oxidation of bituminous coal char (Hetch, 2011, Hetch,
2012). These modeling approaches utilised traditional combustion model where coal is
assumed to be completely dried prior to ignition and there is no overlapping effect of
moisture after drying steps. Clearly, that is not the case for the oxy-firing of wet Victorian
brown coal that has been observed in flat flame burner reactor (Prationo, 2015b) and in drop-
tube furnace (Binner, 2011).

This paper is the second part of the study on wet Victorian brown coal combustion in flat
flame burner reactor that employs a similar heating rate with the industrial boiler (Prationo,
2015b), which focuses to analyse the contribution of both char-CO; and char-H,O
gasification to the total char reaction rate based on fitting the measured particle temperature
with the calculated value from mathematical modeling approach. Complementing to the first
part focusing on the ignition and volatile oxidation, this paper aims to assess whether the
inherent moisture affects char oxidation rate and char particle temperature through char-H.O
gasification reaction. As has been clarified in the first part, the inherent moisture is partially
evaporated prior to volatile ignition. Consequently, the remaining moisture and volatiles are
co-released as a thick could layer on char surface, which is supposed to increase the local
steam partial pressure and hence trigger the char - steam gasification reaction. This is
different from the previous studies where the external steam in flue gas was merely

considered.
6.2. Experimental set-up

6.2.1. High-speed pyrometer for coal particle temperature measurement

The set-up of flat flame burner reactor (FFBR) and coal sample used for coal combustion
have been detailed in chapter 4 and chapter 5, respectively. For char particle temperature
measurement, a Kleiber-GmbH high-speed infrared pyrometer KS-740 LO was installed next
to the observation window along the quartz reactor on the FFBR. The pyrometer captured
signal at the rate of 5MHz with the linear voltage output of 0-10 V. It has the capability of

measuring the surface temperature in the range of 800-2300 °C. The pyrometer operated at
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the wavelength between 0.85 um and 1.05um toavoid the interference of the CO and water
vapour (Mollman, 2010), which are abundant in oxy-fuel atmosphere. The emissivity of the
pyrometer was adjusted to be 0.8, based on suggestion from Baum (Baum, 1971). The data
was captured using an oscilloscope and data acquisition instrument. The measurements were
taken at the reactor height of 50 mm and 75 mm above the burner base. These two distances
chosen refer to char oxidation stage with the first distance 50 mm for the simultaneous

volatile and char oxidation and the second distance 75 mm for char oxidation alone.
6.3. Mathematical model

The modelling of single coal particle combustion here was modified based on the previous
model described in the literature (Baum, 1971, Zhang, 2013). The code employed only
focused on one-dimensional transient calculations. The gas mixture properties, including
thermal conductivity, heat capacity, viscosity and density was calculated using the Wilke’s
Mixture rule and Maxon-Saxena formulation, corresponding to that in the statistical collision
theory (Smith, 1980). This has been described in detail in Chapter 5.

6.3.1. Modelling approach

Coal particles undergo rapid heating once being introduced to the furnace. The heat
transferred to particle is driven by the convection from hot gas and radiation from the
surrounding volatile flame as well as radiation from the furnace wall, which has the potential
to increase particle temperature in the magnitude of ~10° K/s. The transient model of single
spherical coal particle with a diameter dp, immersed in the hot gas of temperature Tg, was
used to simulate its combustion behaviour. The following sub-models were applied in
sequence, drying model, devolatilisation model and finally char oxidation model. The former

two have been detailed in Chapter 5, whereas the last one is detailed below.

Char Oxidation Model: The three heterogeneous char surface reactions, as listed in reaction (1)

— (I11) were assumed to occur with first-order global Arrhenius rates.
C+% 02 - CO/CO2 ..... Reaction (I)

C+CO, =>2CO ..... Reaction (II)
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C+HO —>CO+H: ..... Reaction (III)

The rate of char burning is described using the multiple surface reactions kinetic - diffusion
single - film approach, assuming that the above-listed multiple reactions occur in a frozen
boundary layer at the particle surface with no gas - phase reactions. This model has been
suggested to work well for the combustion of pulverised coal less than 100 #m in diameter
(Mitchell, 1987). For the combustion of particles larger than 100 xm, Mitchell suggested that
the conversion of CO to CO- in boundary layer could not be neglected (Mitchell, 1991). This
has also been postulated by Law, where for droplets less than 100um in diameter, the
characteristics diffusion time is negligible compared to characteristics chemical kinetic time
(Law, 2006). In other words, the droplets less than 100um in diameter are too small to
support the existence of gaseous flame. Therefore, it is safe to assume that the frozen
boundary layer assumption can be used in this numerical study. The char combustion rate can

be written as:

Po Pco, PH,0

=45 +—45+53 ...Equation (6.1)

kco kao  kec kqe  kes kag

ke = Aexp(——) ...Equation (6.2)
(Tp+T°°)0.75
kg =0C, zd— ...Equation (6.3)
14
od _ _2q :
Fr ...Equation (6.4)

With ke and kg are chemical reaction rate coefficient and diffusion reaction rate coefficient,
respectively. The chemical reaction rate coefficient is expressed in an Arrhenius form with A
being the pre-exponential factor and E as the activation energy for reaction I - 1. The kinetic
parameters for reaction | - Il are obtained from thermo-gravimetric analyser (TGA)
measurement. For reaction | and Il, the TGA experiments were conducted at different heating
rate (10-50 K/min) for devolatilised char at both air and pure CO. (grade 5) atmosphere,

which have proven accurate in our previous work (Zhang, 2013).
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For the char-steam gasification reaction Ill, it is considered to include two reactions for wet
coal combustion, one being induced by the external steam in bulk gas, and another one
occurring within char matrix that is triggered by the internal moisture remaining
‘permanently’ after volatile ignition. The kinetic parameters for steam gasification were
obtained from a steam - injected TGA at a heating rate of 40 K/min, with steam
concentrations of 5%, 10% and 20% balanced by nitrogen. The resulting datasets were
analysed using a Coats-Redfern method, shown in Equation 5, by assuming the reaction order

of 1 for steam gasification (Coats, 1964).

90 _ 4R _E ...Equation (6.5)

In =
T2 BE RT

With x is char conversion fraction, T is temperature (K), R is universal gas constant, 5 is
heating rate, with A and E as the Kinetic parameter for steam gasification. The variable g(x) is
the algebraic expressions of function of the common reaction mechanisms in solid-phase
reactions. The assumption of the first order reaction yields the expression for g(x) = -In (1-x).

The Kkinetic parameters are calculated by plotting the graph of In@ versus 1/T, as shown in

2
Figure 6.1. The rate constant of 3.6 x 10%s and activation energy of 206kJ/mol were chosen
for the Victorian brown coal studied here, as the steam concentration of 20% was comparable
to the gas environment in the FFBR used here. The steam gasification kinetic rate used in this
study is also comparable with other kinetics data of lignite steam gasification used in the
literature and far more reactive compared to bituminous coal (Otto, 1979, Sandars, 1984, Ye,
1998), shown in Figure 6.2. In general, the steam gasification reaction turns significant with
the reaction temperature exceeding 1000 K. The rate of carbon consumption from the
gasification reactions was varied and its contribution to gasification was determined relative

to the total carbon consumption rate from reaction 1 to 3.
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Figure 6-2 Comparison of measured gasification rate with other brown coals available in the
literature (Otto, 1979, Sandars, 1984, Ye, 1998)
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Particle Heat-up:The coal particle temperature profile in the furnace was calculated by an
unsteady-state energy balance equation (6.6) shown below, considering both the heat transfer

by radiation and convection from the surroundings.
daT, .
myCy d—: = h4, (Too - Tp) + €04, (TW4 - Tp4) + Hger, -..Equation (6.6)

Where my is the particle mass (kg), cp is the heat capacity of coal particle (kJ/kg - K), h is the
convective heat transfer coefficient calculated assuming Nusselt number of 2. Ty is the wall
temperature (773 K), Tq is the gas temperature measured with thermocouple, ¢ is the particle
emissivity (0.8) and ¢ is the Stefan Boltzmann constant.

The term Hgen is the total heat generated/released from the reaction I - IV. The heat generated
from char oxidation reaction is calculated from the amount of CO/CO produced. The ratio of
CO2/CO production at particle surface is calculated based on the coefficient suggested by
Arthur et al (Arthur, 1951). At low temperature, little amount of CO: is produced at particle
surface, while at higher temperature CO is the sole oxidation product and will react with O

to form CO in the gas phase boundary layer.
6.3.2. Numerical calculation procedure

The series of differential equations to describe the transient change in particle temperature
were programmed and solved numerically using MATLAB. The particle temperature and the
char oxidation rate were calculated at any instantaneous time using Euler’s method with
increasing time step as shown in equation (7) below. The time step chosen was determined
based on the trial and error method to ensure that the solution stabilizes. A pseudo-code
algorithm has been developed to solve particle temperature history and is shown in Figure
6.3.

y(t + At) = y(t) + dt % 2—3; ...Equation (6.7)

141



CHAPTER SIX: INHERENT MOISTURE ON CHAR-STEAM GASIFICATION

Input (Coal properties,
Experimental conditions)

!

Initial guess of -
Particle temperature

A 4

Calculate gas properties
(kJ Cpu Cv: p)#)

}

Calculate coal drying rate;
Devolatilisationrate;
Char oxidation rate

l

Calculate new particle
temperature

l
e

N
Coal Conversion >99% 2 4 L=t + At

Update particle
temperature

End — Tis1 >Thipal

Figure 6-3 Schematic of the numerical procedure applied to determine the contribution of
gasification reaction

6.4. Results and discussions

6.4.1. Influence of moisture and char-H2O gasification on particle temperature in air-

firing case

Figure 6.4depicts the temperature profile for the burning coal particles in the air case.
Irrespective of the original moisture content, most of the burning char particle temperature
falls in the range of 1100 — 1250 K, which is approximately 100-200 K above the
surrounding gas temperature at the respective location. This measurement is consistent with

our previous study on the combustion of the same coal in drop — tube furnace (Binner, 2011,
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Zhang, 2013), relative to the fact that the burning bituminous coal particle is usually 200-400
K hotter than the gas temperature (Murphy, 2006). The char temperature at the point further
away from the burner should be lower, due to the lower surrounding gas temperature as well
as the lower local char oxidation rate. For the dried coal sample, its temperature distribution
at 50 mm has a peak at around 1120 K, with a considerable fraction settling at 1160 K and
above. With the reactor distance extending to 75 mm, the peak was lowered ~1100 K and a
sharp decrease in the fraction of particle hotter than 1160 K was also observed. The wet coal
particle has a lower peak temperature than the dried coal at the same reactor distance. The
peak is centered at 1100 K for both two distances, and less of hot particles above 1160 K
have been observed. This is another direct sign of the ‘permanent’ residence of inherent
moisture on char matrix, which negated both volatile oxidation and char consumption over a

long duration.

—8— Dirisd_50mm

- Wat_S0mm

—&— Dirizd_73mm
e Wat 75

§° Weat_75mm

L
=

Population (%)

Temp erature (K)

Figure 6-4 Distribution of measured char particle temperature of dried and wet coal in Air

Considering that the remaining moisture was released with volatiles together to form a thick
cloud layer on char surface, it is hypothesised that such a thick cloud layer may increase the
partial pressure of steam in char vicinity so as to enhance the char - steam gasification
reaction consequently. The brown coal has been proven highly reactive for such a reaction
from 1000 K onwards, as shown in Figure 6.2. Moreover, considering that a direct
measurement on the partial pressure of steam derived from remaining moisture is implausible,

we did not differentiate the two different steams during modelling. Instead, we simply varied
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the partial pressure of steam in the model to reveal its influence on char particle temperature.
The results are depicted in Figure 6.5for the combustion both dried and wet coal respectively
in air. The distance of 75 mm was chosen here too avoid the interference of volatile
combustion which is not fully finished at 50 mm. For both samples, the char particle
temperature drops quickly upon increasing the extent of steam gasification reaction on char
surface. The dried coal particle temperature could reach 1250 K upon the no contribution of
char-steam gasification reaction, relative to 1000 K for the case that an extent of 67%

occurring for such an endothermic reaction.

For the combustion of wet coal, its particle temperature without char - steam gasification
reaches only 1175 K, which is around 80 K lower than the dried coal. This is due to the fact
the existence of steam in volatile cloud reduces the heat to be released from its combustion,
which in turn provides less heat feedback to the char particle. In Figure 6.5, the pyrometer
data were added as rectangles with its width representing the variation of particle temperature.
Clearly, one can conclude that the extent of steam gasification reaction reaches 14 - 17%
(median 15.5%) for dried coal and 8 - 20% (median 14%) for wet coal, respectively.
Considering that the median extent for such a reaction is very close for both dried and wet
coal, it is safe to conclude that the extra moisture added in wet coal contributed little to char —
steam gasification, although it co-exists with volatiles to form a thick cloud on char surface.
In other words, the partial pressure of the extra steam in volatile cloud should be very low,
thereby having no potential to trigger any extra reactions on char surface. This is reasonable
as the coal feeding rate of 0.1 g/min creates only 0.04 I/min steam for the case of wet coal
combustion, which is much lower than the 2.0 I/min steam created by the liquid fuel
combustion. In addition, it is noteworthy that, the char - CO; gasification reaction was also
included during the modelling for the air-firing case. It was however found insignificant with
the contribution of less than ~1%. This is due to the low partial pressure of CO2 (~15 vol%)

and a low gas temperature in the reactor.
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Figure 6-5 Method to determine the contribution of steam gasification reaction in air-firing case

6.4.2. Combined effect of char-H20 and char-CO:2 gasification reaction in oxy-fuel

mode

Figure 6.6(a) and 6.6(b) shows the measured burning char temperature profile at 50 mm and
75 mm in COz-rich atmosphere for oxy-21 and oxy-31, respectively. For dried coal in oxy-21
case, a noticeable fraction of hot particles with temperature above 1140 K appeared at the
reactor height 75 mm, which opposite the trend observed in the air case where more hot
particles are present at 50 mm. This is due to the delayed ignition in oxy-21 case which in
turn shifted the char combustion stage to a later moment. On the other hand, the temperature
distribution of wet coal was slightly higher at lower height of 50 mm. The similar

phenomenon was confirmed for the wet coal particle temperature profile in oxy-21.

In oxy-31 case, as shown in Figure 6.6(b), both dried and wet coal depicted a larger
distribution of the hotter particles above 1140 K. Compared to the dried coal having a peak
temperature of 1100 K at the reactor height of 50 mm, the wet coal even has more of the hot
particles with the temperature beyond 1140 K. This is mainly due to a faster combustion of

the dried coal which even occurred before 50 mm for a concurrent ignition and oxidation of
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both its volatiles and char in the elevated oxygen concentration. With the reactor height
increasing to 75 mm, the gap between two coal samples is narrowed, indicating that the

combustion is close to the end.
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Figure 6-6 Measured pyrometer data for dried and wet brown coal at 50 mm and 75 mm height for
(a) oxy-21 case and (b) oxy-31 case

Modeling work was conducted to compare with the pyrometer data so as to quantify the
influence of the endothermic gasification reactions on particle temperature profile. Since the
co-existence of CO2 and steam in the oxy-firing mode, both char — CO, and char — steam
gasification reactions could occur concurrently on char surface, which in turn reduce the char

particle temperature significantly. Apparently, these two reactions could also affect each
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other. To assess the significance of each gasification reaction, the modelling was first
conducted by only considering the char — CO- gasification reaction. In other words, the char
— steam reaction was switched off in the model. Figure 6.7 demonstrates the predicted
particle temperatures for both dried and wet coal samples burning in the three oxy-fuel cases,
at the reactor height of 75 mm. The experimentally measured data were included for
comparison. In addition, the numbers in parenthesis on the prediction bars refer to the extent
of char — CO> gasification reaction that was determined by the reaction ratio of rchar-co2to the
overall reaction r. irrespective of the moisture content in coal, the contribution of char-CO;
reaction was relatively low, reaching 2.6 - 2.89% and 6.17 - 7.68% for oxy - 21 and oxy - 31,
respectively. This is much lower compared to ~20% observed for the bituminous coal at the
oxygen concentration of 27% (Kim, 2014a). Again, this can be due to the very low flue gas
temperature in the FFBR used throughout this study. Even by taking the char — CO:
gasification reaction into account, the particle temperature is still over-predicted by the model.
Apparently, the char — steam reaction is more influential. This could be the case, as char -
steam gasification reaction reaches 3.66 x 10 s at1000 K, which is 1000 times higher than

the char — CO2 reaction at the same temperature range.
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Figure 6-7 Predicted char particle temperature for dried coal and wet coal at 75mm at oxy-fuel
combustion case with the consideration of char-CO; gasification reaction ONLY. The extent of
char-CO; reaction is shown above the prediction bars in the figure.

Figure 6.8 demonstrates the contribution of char - CO. and char - steam reactions for the
oxy-21 case. In the figure, the predicted particle temperature was plotted as a function of the
total contribution of the two gasification reactions at the reaction height of 75 mm, and the
pyrometer data were added in the places where they were matched satisfactorily by the
prediction. From the match between the pyrometer data and prediction curve, the extent of
each reaction on char surface was further calculated and plotted as pie chart next to the
respective pyrometer point. For the combustion of dried coal in oxy-21, the total contribution
of gasification reactions accounts for only 8%, with 5.53 % for char — steam reaction and
2.35% for char — CO. reaction. The extent of char — steam reaction is obviously low
compared to that in the air case shown in figure 6.5, where the extent of char — steam
reaction reaches 14 - 17% for the same coal. On the one hand, this should be attributed to the
delayed ignition and oxidation of volatiles in the oxy — 21 case. The unreacted volatiles
formed a thick cloud surrounding on char surface so as to enlarge the resistance against the
external diffusion of oxygen towards char surface. On the other hand, a lower particle

temperature caused by the heat sink of CO2 was expected for the oxy-21 case, which was not
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in favour of the endothermic gasification reaction, as explained earlier. For the wet coal
combustion in 21% O balanced by CO., the total contribution of ~18% from the two
gasification reactions was observed, which was approximately 10% higher than that for the
dried coal in the same bulk gas. In addition, the total gasification reaction contribution for
wet coal in oxy-21 case is quite close to the air-firing case as shown in figure 6.5. Clearly,
although the ignition delay and lower char particle temperature are also expected for the wet
coal, the extra moisture within it increased the partial pressure of steam in the char particle
vicinity. It thus enhanced the char - steam gasification reaction extent to a level that is

comparable with the external steam in the bulk gas.

1300 - —— Wet coal _ predicted
A \Wet coal_measured

ffffffff Dried coal _predicted

1250 9 m  Dried coal_measured

I Char-CO2
N 359 Char-Steam
N 30 -
1200 - . .53% 82% I Char-02

1150 ~ '52%
<3 16.48%

Temperature (K)

1100

1050 T T T T T T T — |
0 10 20 30 40 50

Total Contribution of Gasification (%)

Figure 6-8 Contribution of char - CO2 and char - steam gasification reactions for dried coal and
wet coals in oxy-21 case

The contribution from two gasification reactions is more influential upon the rise of oxygen
level to 26% and 31% balanced by CO2. As illustrated in Figure 6.9 for the oxy-26 case, the
extent of char — steam gasification reaction was increased to 17.4 % and 22.2% for the dried

and wet coal, respectively. This is attributed to the increase in the reaction rate for the
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exothermic char — O» reaction which in turn improved the char particle temperature.
Moreover, compared to a discrepancy of about 11% for the extent of char — steam reaction
between the dried and wet coal in oxy-21 case, the gap was narrowed to about 4.8% for the
oxy-26 case. Apparently, compared to the internal steam derived from inherent moisture, the
external steam in bulk gas has a comparable and even larger role in triggering the char —
steam gasification in the oxy-26 case. This should also be due to the enhanced char — O>
reaction that led to a rapid release of the internal moisture out of char matrix. The CO>
gasification is still insignificant in the oxy-26 case. This is because the char particle
temperature is still fairly low, which, unless reaching 1600 K, has no potential to trigger the
char — CO2 gasification reaction for the Victorian brown coal studied here (Zhang, 2013).

1600 - —— Wet coal _ predicted
A \Wet coal_measured
R Dried coal _predicted
1500 4+, ®m  Dried coal_measured
1400 - I Char-CO2
[ Char-Steam

I Char-02
1300
76.1%

. 69%
.. 17.43%

Temperature (K)

1200 -

1100 -

0 10 20 30 40 50

Total Contribution of Gasification (%)

Figure 6-9 Contribution of char-CO2 and char-steam gasification reaction for dried coal and wet
coal in oxy-26 case

The enhanced char — steam gasification reaction was further confirmed in the oxy-31 case,

where the char burnout rate due to the enhanced char — O reaction is expected, as
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substantiated in Figure 6.10. The extent of char — steam gasification reaction reaches 26.6%
and 26.55% for the dried and wet coal sample, respectively. The gap between two coal
samples is negligible, strongly supporting an insignificant role of the internal steam (derived
from the inherent moisture in coal) on the combustion of wet coal in oxy-31 mode. The char
— steam reaction was merely induced by the external steam in the reactor. To reiterate, this is
due to a rapid release and escape of the inherent moisture from char surface. The high-speed

camera imaging results in Chapter 5 supports such a hypothesis.
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Figure 6-10 Contribution of char-CO2 and char-steam gasification reaction for dried coal and wet
coal in oxy-31 case

Table 6.1 depicts the summary on the contribution of char - CO; and char-steam reactions for
both dried and wet coals in the oxy-fuel cases with the oxygen concentration increasing from
21% to 31% in CO, compared with some of the literature study related to bituminous coal.
To reiterate, the contribution of char - CO> reaction here was approximately less than 3% in

all cases, and no significant increment was observed with increasing oxygen concentration.
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Such a value is low compared to the literature results, particularly due to the different rank of
coal used. The char - CO. gasification accounted for ~15% for sub-bituminous and
bituminous coal burnt at around 1500°C in lab-scaled combustor (Hetch, 2011, Kim, 2014a).
The numerical study of wet recycle of bituminous coal in oxy-fuel combustion also presented
the contribution of char - CO. and char -steam gasification as ~21% and 7.5% in the case of
24% O, balanced by COz(Hetch, 2012). The char — steam gasification reaction is more
influential. For either dried or wet brown coal, its contribution increases upon increasing
oxygen concentration in the bulk gas, reaching about 26% for both coal samples in the oxy-
31 case. Such a value is obviously higher than that reported in the numerical study reported
earlier for bituminous coal(Hetch, 2012). This is due to the abundance of alkali and alkaline
earth metals in brown coal that can catalytically trigger the char — steam gasification from
1207 K onwards (Kajitani, 2010). In terms of the extent of char — steam gasification reaction,
the discrepancy between dried and wet coal samples is certainly noteworthy. It is as broad as
approximately 10% in the oxy - 21 case, and is gradually narrowed down to only 5% in oxy -
26 case and insignificant at the oxy-31 case. Such a discrepancy is mainly induced by the
extra moisture in the wet coal, which formed a thick cloud on the char surface in the oxy - 21
case. The lowest oxidation of volatiles and char in the oxy-21 case caused a long duration of
the evaporated steam in the char particle vicinity. Consequently, the char — steam reaction
was triggered. Increasing the oxygen concentration in bulk gas enhanced the ignition and
release of coal volatiles and inherent moisture, fewer of which resided on the char surface to
trigger any extra gasification reaction. The similar phenomenon was confirmed for the air-
firing of wet coal.
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Table 6-1 Summary of the CO, and H.O gasification reaction evaluated in this study compared
with literature data (Hetch, 2011, Hetch, 2012, Kim, 2014)

Case Coal Type Temperature Gas Particle Contribution of
stud Facility ?K) Atmosphere Size (um) | Gasification (%)
y CO; H20
21% 0,/CO; —
Dried brown 18% H,0 2.5 5.2
coal 31% O,/CO,— 1 26
This Flat flame 18% H,0
Study burner 1100 21% 0,/C0, | 03104 Lo 161
Wet brown 18% H,0 ' '
coal 31% 02/CO2—
18% H,O 0.9 262
Dry recycle
SKIPPY (14% H0)- 23.5 3.9
Hetch et Bituminous 1-D 24% 0,/CO;
al 1690 100
(2012) coal program Wet recycle
(25% H,0)- 21 7.4
24% 0O,/CO;
Kim et Sub- Flat flame 21%0,/CO; 15.3 -
al bituminous 1700 75-106
0, -
(2014) coal burner 30% 0,/CO; 155

6.5. Conclusions

A Hencken flat-flame burner was used to study the combustion of wet Victorian brown coal

in air-firing and oxy-fuel modes with 21 — 31 vol% oxygen in the bulk gas. The pyrometer

was used to measure burning char particle temperature and compared with 1-D modelling
considering all the surface reactions in char particle vicinity. The major conclusions can be
drawn as follows:

1. Irrespective of the initial moisture content, the extent of char - steam gasification reaction
was found to be ~15% in the air-firing case. Such a reaction was solely triggered by the
external steam in the reactor, rather than the inherent moisture that has been fully released
prior to char oxidation stage, having little interference on char consumption rate.

2. The combined effect of both char - CO2 and char - H2O gasification was significant in
oxy-fuel combustion mode, especially for the wet coal. In the oxy-21 case, these two
reactions have a total extent of around 8% and 18% on the burning char surface of dried
coal and wet coal, respectively. The char - CO; gasification is insignificant, because the
char particle temperature was very low. Increasing the oxygen percentage to 31% in CO;
enhanced the extent of these two gasification reactions to reach 28% based on the mass of
total carbon. Such an extent is comparable with the literature. However, the steam
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gasification rate was far higher (~26% compared to ~10% in literature) substantiating the
strong steam gasification reactivity of Victorian brown coal char.

3. The contribution of inherent moisture to char - steam gasification reaction is critical in the
combustion of wet coal in the oxy-21 case, accounting for ~10 %. This is due to the long
residence of the unevaporated steam as a thick cloud on the char surface. Increasing the
oxygen concentration in CO2 enhanced the char — Oz reaction, the release of volatiles and
inherent moisture, and hence, the char — steam reaction caused by the inherent moisture

within coal matrix is minimised and eventually diminished in the oxy - 31 case.
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7. INFLUENCE OF STEAM ON IGNITION OF VICTORIAN BROWN COAL
PARTICLE STEAM IN OXY-FUEL COMBUSTION

This chapter presents the study on ignition of dense particle stream as an extension from the
single particle ignition study from previous chapters. The ignition behaviour of brown coal
particle stream in oxy-fuel combustion was examined. In addition, the impact of steam on

ignition of dense particle stream was also thoroughly investigated.
7.1. Introduction

Coal is abundant and cheap compared to the other fossil fuels including natural gas and
petroleum. It is also one of the most commonly used fossil fuel for the purpose of electric
power generation in the world. Generally, black coal is burned in the coal-fired power plant
for electricity generation from steam turbine. However, the continuing use of black coal as a
major fuel source eventually leads to its depletion, which in turn increases the mining costs
and coal price in the global trading market. On the other note, lignite or brown coal, is a
cheap energy source and can be used as an alternative to black coal to produce electricity.
However, it has a low heating value and burns less efficiently in coal-fired boiler than black
coal, because of the existence of abundant moisture within its carbonaceous matrix (Li, 2004).
Consequently, burning brown coal in a thermal power station tremendously increases carbon

emission rate to the atmosphere.

Oxy-fuel combustion is one of the promising carbon capture and storage (CCS) technologies
that can be directly retrofitted to the existing coal-fired power plants (Tomita, 2004). The
feasibility of oxy-fuel combustion has been widely studied in the literature (Bejarano, 2008,
Croiset, 2000, Kim, 2014b, Lei, 2014, Murphy, 2006, Riaza, 2014, Sarofim, 2007, Stivers,
2010). However, the centered focus of research was on black coal whilst the combustion
characteristic of low-rank coal has not been studied intensively. Due to the presence of
abundant inherent moisture, the combustion of brown coal yields a highly concentrated steam
in the flue gas (Zhang, 2015). This condition is distinctive from that observed during black

coal combustion and is expected to alter coal ignition and combustion property in the boiler.
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The ignition delay in oxy-fuel combustion has been confirmed when a comparison was made
with the ignition time in the conventional air-firing mode under an identical Oz concentration
(Hetch, 2011, Hetch, 2012, Kim, 2014a, Molina, 2007, Murphy, 2006, Shaddix, 2009, Zhang,
2013). This is due to the change on the gas properties and its temperature upon the
substitution of CO, for N2(Law, 2006). CO- has a larger heat capacity of 57.83kJ/mol than No,
34.18kJ/mol at a gas temperature of 1400 K (Rathnam, 2009, Molina, 2007, Shaddix, 2009).
On the other hand, the physiochemical properties of steam are different from that of N, and
CO2(Riaza, 2011). At the elevated temperatures of 1000 -1500 K, the thermal conductivity of
steam, 0.16W/(m-K) is larger than that of N> and CO>, 0.082 and 0.097W/(m-K), respectively
(Rathnam, 2009). Therefore, a high steam concentration encountered in the brown coal oxy-
firing furnace is likely to increase the rate of particle heating. On the other hand, the heat
capacity of steam, 45.93kJ/mol, is lower than CO: but higher than that of N.. Such a
discrepancy may affect the particle ignition as well. Furthermore, steam is not an inert gas in
the combustion, which participates a large number of elemental reactions through its
chemical effects, thereby affecting coal particle ignition (Degges, 2010).

In a drop tube furnace heated to 1373 K, Riaza et al. observed a slightly higher ignition
temperature, which referred to a delayed ignition, and increased CO concentration when the
external steam was injected to the reactor (Riaza, 2011). The authors attributed the increased
CO to the triggering of char-steam gasification reaction (Zhang, 2013). In contrast, in another
independent study, a slightly better ignition was observed in O2/H>0 atmosphere compared to
that in O2/N2 atmosphere. The author suggested that the water-gas shift reaction was triggered
to produce abundant H» that eventually hastened the ignition of coal volatiles (Lei, 2014, Zou,
2014).

It is also noteworthy that, most of the afore-mentioned studies were performed on the ignition
of single particles or dilute particle stream. While these studies has provided deep
understanding regarding the fundamentals of single coal ignition, the inter-particle interaction
in the combustion of coal-dust is critical and is more relevant to the flame holding in the
pulverized coal burner (Du, 1995). While experimental studies on ignition of coal particle

stream have been performed in air (Liu, 2011), the ignition of coal stream in oxy-fuel
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combustion received less attention. In particular, the effect of steam on the ignition of dense
coal particle stream has never been studied before.

To investigate the issues addressed above, this paper aims to clarify the influence of steam on
the ignition of dense particle stream under the steam-rich, oxy-fuel combustion conditions.
For such a research, an entrained-flow reactor coupled with a flat-flame burner (FFBR) and
non-intrusive in-situ diagnosis facilities was used to visualize the particle group ignition and
its flame propagation. In addition, coal particle burning temperature was measured with a
two-color infrared pyrometer. For validation purposes, the transient cylindrical cloud ignition
model was modified and used to quantitatively confirm the role of steam, i.e. its participation
on water gas - shift reaction and/or char-steam gasification reaction, and their effect on
particle ignition and burnout. Apart from Victorian brown coal, two differently ranked coals,
sub-bituminous and bituminous coals were also examined to reveal the effect of coal rank on

its ignition in the steam-enriched oxy-fuel combustion environment.
7.2.  Materials and Experimental Methodology
7.2.1. Fuel Properties

The Victorian brown coal tested here was collected from Loy Yang power station, labelled as
Coal A. In addition, a sub-bituminous coal from Xinjiang, labelled as Coal B, and bituminous
coal from Brisbane, Coal C, were tested to compare with the low-rank Victorian brown coal.
The proximate analysis and ultimate analysis of the three coals are listed in Table 7-1. Each
coal sample was air - dried, grounded and sieved to the size range of 63 - 104 microns prior
to the combustion test. The moisture content in the dried coal reached equilibrium at 12 wt%.
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Table 7-1 Proximate and Ultimate analysis of coal samples

Proximate Analysis (%db)

Coal Type M(‘;/'Ojf)re Ash VM Fixed Carbon
Coal A (VBC) 16.6 0.7 49.9 49.4
Coal B (XJC) 26.2 16.1 36.6 46.2
Coal C (BC) 5.8 23.9 16.9 57.9

Ultimate Analysis (%daf)
C H N S
Coal A (VBC) 70.2 4.7 0.52 0.35
Coal B (XJC) 62.5 3.4 0.73 0.83
Coal C (BC) 88.5 4,74 1.64 0.31

*VBC = Victorian brown coal, XJC = Xinjiang Coal, BC = Brishane Coal
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7.2.2. Optical flat-flame McKenna burner experiments

Experiments were performed in an optical laminar McKenna flat flame burner reactor
(FFBR), shown in Figure 7-1. The flat flame burner provides flexibility to generate different
gas compositions via adjustment of fuel and oxidizer flow rates. The burner is constructed
from a stainless steel outer which houses a porous bronze water-cooled sintered burner matrix.
The fuel and oxidizer are premixed in the burner where the mixture of C,H4/H> was used as
the gaseous fuel, and mixture of air/CO./O> was introduced as the oxidizer. Coal particle was
fed by a piezoelectric feeder and transported to the furnace through a 1-mm tube located at
the burner centre-line. The particles were entrained using carrier gas with a volumetric flow
rate of 0.7slpm (Standard litres per minute). A 115-mm diameter cylindrical quartz reactor
was positioned on top of the burner to isolate combustion environment from surrounding air.
To minimize the heat loss, the tubular reactor was insulated with a 25 mm - thick insulation
wool except a small window of 10 x 30 cm? at the bottom of the reactor for the visual
observation of coal flame. To simulate the wet flue - gas recirculation condition, external
steam was injected tangentially through a silicone tube which was attached at 50-mm above
the coal injection point. The external steam was generated via water evaporation, and was fed
through a 30 cm long stainless steel tube that was heated to 473 K using a heating tape. With
the experimental condition used in this study, the combustion of ethylene/hydrogen in flat
flame produced a steam concentration of 13 vol% in the ambiance, namely steam-lean
combustion hereafter. The external steam was added to generate an elevated steam

concentration of 26 vol% in the furnace, namely steam-rich combustion hereafter.
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Figure 7-1 Schematic of Mckenna flat flame burner facility used in this study

The flat flame burner can be flexibly adjusted to suit the needs of the experiments. In this
study, the total gas flow rate was kept constant at 22 slpm for all the experimental conditions
tested. The gas temperature profile at the burner centre-line was measured using a B-type
thermocouple, and corrected for the radiation loss (Shaddix, 1999). As illustrated in Figure
7-2, little or no variation was observed for the gas temperature measured between air-firing
and oxy-fuel combustion with the oxygen concentrations of 21 vol% and 31 vol%. The
temperature at the ignition zone near the burner base is approximately 1100 - 1200 K. A
slight decrease in gas temperature was detected upon the injection of the external steam. This
can be attributed to the mixing of low - temperature steam (473 K) with hot flue gas.
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Figure 7-2 Centre-line gas temperature profile measured using the B-type thermocouple, corrected
for radiation loss (Shaddix, 1999)

In this paper, the influence of particle loadings on ignition was evaluated by varying the coal
feeding rate from 0.1g/min to 1g/min, referring to a particle number density range of 1x107 -
1x10° particles/m? in the carrier gas. The oxygen concentration in the furnace is set to 21 — 31
vol% in both air-firing and oxy-fuel modes. The O2/C molar ratio varies from 15 to 187 in
this paper, corresponding to a fuel-lean region. Therefore, the differing ignition properties
observed between different particle loadings (shown later) is mainly due to the inter-particle
feedback interaction, rather than due to the change on the single burning char particle
temperature.

7.2.3. Non-intrusive optical diagnosis facility

A digital camera, and high-speed infrared pyrometer was used to study ignition of particle
stream in this study. The operational and analysis procedure has been discussed in depth in
Chapter 4, 5 and 6. To convert the measured ignition point from digital camera to time-scale,
high speed camera was used to capture the particle velocity near the burner base. The

calculated particle velocity was 0.9m/s.
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7.3.  Modelling approach
7.3.1. Transient cylindrical cloud combustion model

The transient model was employed here to predict coal particle ignition time, by assuming
that an initially cold cylindrical cloud formed by coal particles is suddenly immersed in a hot
furnace. The ignition can be defined as either homogeneous ignition reflecting the point
where the gas temperature rises rapidly or heterogeneous ignition at which point the solid
particle temperature turns higher than the local gas. This has been detailed in Chapter 3 of
this thesis. To reiterate, the ignition criterion for both mechanisms is categorized as follows
(Du, 1995). For the heterogeneous ignition, the particle temperature rises above the adjacent
gas phase temperature, and hence, the particles transfer heat to the gas rather than gas
transferring heat to the particles. In contrast, homogeneous ignition occurs when the gas
temperature profile shows a peak at certain radial location. The ignition time was taken at

which ignition mechanism occurs first in the transient ignition model.

The gas-phase conservation equations for mass, species and energy in the cylindrical cloud

are given as:

Mass Conservation:

% 4 I — " 2mr Equation (7.1)

27r
oat or

Species Conservation:

dpY amy,

_9 gy _ _
at 5 — 5, [2mrpD ——] =W, 2mr  Equation (7.2)

Energy Conservation:

aphT + 6th

27T
at aor

B % [2rrpD a%] =w,""2nr  Equation (7.3)

Where wm, Wk and wy are gas-phase sources for mass, species and enthalpy, respectively. In
this paper, the following homogeneous reactions are considered to study the influence of

steam on coal ignition.
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CO +1/202, > CO: ..R-1
CHa (volatiles) + 202 > CO2 +2 H20 ..R-2
CO +H0 > CO2 + H> ..R-3
H> + 1/202 > H.0 ..R-4

The governing particle-phase equations for mass, density, diameter and temperature are

described as:

dmy  dmy, dmg

—r= =+ —= Equation (7.4)
‘%ﬂ _ %ﬁdx” Equation (7.5)
% = @% Equation (7.6)
mycp =2 = hAy(Teo — Ty) + £0Ay (T — T*) + h 2o — p, 22 Equation (7.7)

The kinetic for the pyrolysis reaction was modelled with the first order single rate kinetic
Arrhenius model. This model has been used widely in the commercial CFD simulation and
fundamental study (Badzioch, 1970, Zhang, 2013).

damy, Ey, % .
d—"tl = A, exp (— E) [V* —V] Equation (7.8)

The heterogeneous carbon surface reactions were modelled using the kinetic-diffusion single
film model for both carbon oxidation and carbon gasification reactions with CO, and steam

as shown in equations (7.9-7.11):

P P p i
d;rtlc: 02y 02 4 MO Equation (7.9)

ko kgo  kec kac  kes kg

ke = Aexp(—=) Equation (7.10)
ky = % (@)0-75 Equation (7.11)
P
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The kinetic parameters for brown coal devolatilisation, oxidation and gasification has been
justified previously and used in this work (Zhang, 2013). The empirical devolatilisation
model from Kobayashi was used to determine the fraction of each fraction released from coal
devolatilisation (Kobayashi, 1977). The kinetic data for sub-bituminous and bituminous coal
was cited from the literature (Hetch, 2012, Ye, 1998).

7.3.2. Numerical procedure

The series of partial differential equation were solved numerically using an explicit
calculation procedure. The complete numerical procedure has been detailed in the literature
(Du, 1995). The radius of the cylindrical cloud was taken at Rc = 0.25cm, measured from the
experimental observation in the flat flame burner reactor. It should be noted that the model
employed here is only to calculate the ignition time of coal particles in the cylindrical cloud.
Therefore, the calculation stops once either a homogeneous or heterogeneous ignition time

has been identified. For this simulation, the boundary and initial conditions used are as follow:

Boundary and initial condition:
Gas phase:

t=0andr<R¢, Yk=Yko T=Tgo
t=0andr>R¢, Y=Yk T=Tx
t>0and r>wo, Yk = Yk o T=T«
t> 0 and r-> 0, symmetrical boundary condition

Solid phase:

mp = mp,0 dp = dp,O Tp = Tp,O

7.4. Experimental results and discussion
7.4.1. Effect of particle loading on brown coal ignition in both steam-lean and steam-rich
contexts with 21% O»

The typical photographs for the Victorian brown coal flame in 21vol% oxygen are shown in
Figure 7-3. Based on the observations, the general combustion sequences can be concluded
as follows: initially, upon reaching the devolatilisation temperature, coal particles release
combustible volatiles until they reach the flammable limit which enables a homogeneous
ignition of the volatiles. Subsequently, the volatiles burnt continuously to generate a large
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fireball that is the brightest and most intense part in a flame, which subsequently initiate char
ignition and oxidation. Lastly, char oxidation continues to form a yellow tail for the flame,
which is accompanied by the decrease on particle temperature as the particles steadily
approach furnace exit. The thick flame formed for the extensive homogeneous volatile
oxidation is expected for high-volatile coal such as Victorian brown coal, in which the

volatiles account for nearly half of the total coal on the dry mass basis.

Without Steam With Steam
Injection

Injection

“

_______________________________________________________________________________________________________________________________________

b —
Oxy-Firing

Note: (a). 0.1g/min, (b) 0.5g/min, (c) 0.8g/min, (d) 1g/min

Air-Firing

Figure 7-3 Photographs of brown coal burning in 21%0O; in O2/N; (top panel) and O,/CO; (bottom
panel).

For each series illustrated in Figure 7-3, the ignition time is shortened with increasing
particle loading. This is because a high number particle density enhanced the inter-particle
heat feedback. Such a trend has been confirmed previously (Liu, 2011). Based on the concept
of particle number density, the minimum ignition time was reported at a particle number
density of 4x10° particles/m?, calculated based on the cold flow feeding rate (Liu, 2011).
Apart from coal loading, the gas environment (air vs oxy-fuel) and the presence of steam
were also found to affect particle ignition time in Figure 7-3. To further quantitatively reveal

these differences, the measured ignition point was converted to time - scale and shown in
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Figure 7-4. Clearly, regardless of the steam injection, a delay of approximately 15 ms was
observed at the lowest particle number density of 4x107/m?3, upon the shift of air-firing to the
oxy-fuel mode. At a high number density of 4x108/m?, this delay was slightly shortened to 10
ms by the enhanced heat feedback from the surrounding dense particles. Nevertheless, the
trends observed here agree well with the reported literature results (Liu, 2011). The
interesting point here is to clarify how the injected steam influences the ignition time,
particularly at the high particle loading.

—a— Air-firing

60 —0— Air-firing with steam
| ---@-- Oxy-firing
504 ---0--- Oxy-firing with steam

20

Ignition time (ms)
w
o

=
o
1 "
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1x10° 2x10° 3x10° 4x10° 5x10°
Particle Number Density

Figure 7-4 Ignition time of Victorian brown coal in air and oxy-fuel as the function of coal feeding
rate in 21%0, without and with steam injection.

With the injection of steam, the coal ignition time in air-firing case was marginally decreased
at the lowest particle number density of 4x107 /m?, corresponding to a coal feeding rate of
0.1g/min. Upon the increase of particle loading, one can clearly see that the coal ignition time
was remarkably shortened upon the injection of the external steam. At the highest coal
feeding rate of 1g/min, the coal particles were ignited in only 8 ms in the steam-rich air-firing
case, compared to an ignition time of 22 ms with the steam-leach air-firing case. In other
words, the injection of steam significantly hasten coal ignition by 14 ms at the high particle
loading of 1g/min but slightly reduce coal ignition by only 1-2 ms at low particle loading, For
the oxy-fuel combustion mode, the variation of particle ignition time upon steam injection is

rather constant for all the particle loadings. That is, irrespective of coal particle loading, the
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coal ignition time was shortened by 7-8 ms upon steam injection. Such a finding, however, is
contradictory against the previously reported results (Riaza, 2011).

The injection of steam into the combustion chamber is supposed to exert three major
influences on coal ignition. Firstly, the larger thermal capacity of H>O compared to N> at
elevated temperature is expected to postpone coal ignition (Law, 2006). Secondly, the
heterogeneous char - steam gasification reaction may be triggered on the particle surface,
which produces CO and H that promote the local homogeneous gas - phase oxidation.
Thirdly, the homogeneous water-gas shift reaction (R-3) of volatiles produces H; that can
significantly reduce flammability limit of the local gaseous volatile mixture, thereby shortens

the volatile homogeneous ignition time.

For the char-steam gasification and water-gas shift reactions, their potential and extent to
occur are highly coal - specific. The former reaction would only be triggered when either the
particle temperature is sufficiently high or the char is highly reactive. Low-rank brown coal
generally has a high reactivity towards char-steam gasification even at low temperatures, due
to the abundance of catalytic metals within it (Kajitani, 2010). On the other hand, the gas-
phase water-gas shift reaction may be negligible if the local concentration of volatiles is
sufficiently low, or the local temperature is sufficiently high since this reaction is
unfavourable at high temperature (Mendes, 2010). Generally, it is expected that the char-
steam gasification reaction occurs at the char oxidation regime. The extra production of CO
and H. from this reaction will thus have minimal effect on the volatile ignition. In light of this,
the role of water-gas shift reaction (R3) should be the major reaction that caused the decrease
in coal ignition time in air-firing modes in Figure 7.4. The impact of this reaction in the air-

firing mode is also highly dependent on the particle feeding rate.

For the lowest particle loading, the impact of water-gas shift reaction is marginal due to the
small amount of volatiles generated from the devolatilisation of dilute coal particles stream.
In contrast, at a high particle loading, the above — mentioned reaction can be significant as the
amount of volatiles in the system increases substantially. Furthermore, volatiles composition
in brown coal is mainly made up of light hydrocarbons such as CO and CHgs, in which the
former serves as main reactant for water-gas shift reaction (Hayashi, 2004). As a result, the

H> derived from reaction R-3 is abundant and is likely to decrease volatiles flammability in
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the local gas mixtures. This explicates the reduced ignition time in steam-rich
atmosphere.However, since the reverse reaction for R3 could occur in the CO»-
richenvironment, its effect is marginal under the oxy-fuel combustion mode. The detailed

discussion will be provided from the modeling perspective later.

7.4.2. Effect of oxygen concentration

Without Steam With Steam
Injection Injection

Air-Firing

Oxy-Firing

Note: (a). 21%0,, (b) 25% 05, (c) 31% O,

Figure 7-5 Photographs of brown coal ignition in air-firing mode (top panel) and oxy-firing mode
(bottom panel). The coal feeding rate was fixed at 0.5g/min.

Figure 7.5 illustrates the ignition behavior of Victorian brown coal at various oxygen
concentrations in both air-firing and oxy-firing modes. The coal feeding rate of 0.5g/min
refers to a particle density of 2.4 x 108/m®. Regardless of the oxygen concentration, brown
coal exhibits a rapid ignition in both combustion modes. Figure 7.6 shows the quantified
ignition results as a function of Oz concentration in both air-firing and oxy-firing modes. In
the air-firing case with 21% O3, the particles ignited by approximately 5ms quicker upon the
injection of the external steam into the reactor. Upon the increase in the oxygen concentration
in air, the effect of the external steam turns marginal and even negligible, as evident by the
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overlapping of the ignition time for both steam-lean and steam-rich cases at 31% O in air.
Clearly, the influence of oxygen partial pressure to promote the ignition/oxidation is more
pronounced than the external steam.
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Figure 7-6 Measured brown coal ignition time at various oxygen concentration with fixed coal
mass feeding rate of 0.5g/min

On the one hand, the increase in oxygen partial pressure is beneficial in increasing the
oxidation rate for volatiles. On the other hand, the increase in the temperatures of igniting
particle and its local surrounding gas are detrimental to the reaction R3 for water-gas shift
reaction which is favored upon decreasing the temperature. The similar observation was
confirmed for the oxy-fuel case. That is, the injection of external steam is effective in
enhancing the ignition of coal particles at the low oxygen concentration. However, upon
increasing the oxygen fraction to 25%, the ignition time of coal particles was even slightly
increased upon the injection of external steam. This implies that the water-gas shift reaction
(R-3) was inhibited. The injected steam (~ 473 K) may simply act as a heat sink that reduced

the local gas temperature, thus increasing the particle ignition time.
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7.4.3. Effect of coal rank

Air-Firing Oxy-Firing

.

Xinjiang coal
(Coal B)

Brisbane coal
(Coal C)

(i) Refer to without steam injection, (ii) refer to with steam injection

Figure 7-7 Images of XJC and BC burned in 21% oxygen, with fixed coal mass flow rate of
0.5g/min.

Figure 7.7(a) and Figure 7.7(b) furtherillustrates the flame images at a constant oxygen
concentration of 21vol% for Xinjiang sub-bituminous coal (Coal B) and Brisbane bituminous
coal (Coal C), respectively. The coal feeding rate was fixed at 0.5 g/min. Clearly, both fuels
exhibited different ignition properties from brown coal. For either coal sample, the volatile
flame, representing the homogeneous volatile oxidation was much thicker and more intense
than the brown coal flame shown in Figures 7.3 and 7.5. This is due to the abundance of
heavy hydrocarbons such as tar in the high-rank coal volatiles (Chen, 1992). These heavy
hydrocarbons, once released, prefer to reside and ignite on coal particle surface. This explains
the existence of individual igniting particles at the flame front.
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Figure 7-8 Quantitative measurements of the ignition time for all coals at a fixed coal loading rate
of 0.5 g/min in all cases. (Data for Coal A was replicated from Figure 7.4)

Figure 7.8 provides the quantitative measurements of the ignition time for both coals with
respect to the combustion mode as shown in Figure 7.7. The ignition results for brown coal
at the same mass feeding rate was also included for comparison. Clearly, irrespective of gas
environment, brown coal ignition is the quickest amongst the three coals. In the steam-
injection case, steam expedited the ignition of brown coal, but exerted insignificant influence
on the ignition of Xinjiang sub-bituminous coal (Coal B) and Brisbane coal (Coal C). Instead,
the ignition of these coals was slightly delayed. This delay is even more pronounced in the
oxy-firing mode. Clearly, the heat sink effect of the external steam is more pronounced for

these two high-rank coals.
7.5.  Experimental results validation using transient ignition model

The results from the refined transient model are present here to quantitatively clarify the
effect (both physical and chemical effects) of steam on coal particle ignition. Figure 7.9
demonstratesthe comparison between the model predicted ignition time and the respective
value measured for Victorian brown coal, as a function of particle number density in the
steam — rich environment with 21vol% O>. To clarify the importance of the water-gas-shift

reaction (R3), two simulation scenarios were considered here, one including this reaction and
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another one without it. As evident in Figure 9, the predicted ignition time, with reaction R-3
included, approximated the experimental data much better. The model has also successfully
confirmed the delay in the ignition time under oxy-fuel conditions, where the heat sink effect
of both CO. and H>O are far more pronounced that the chemical effect of steam for the

reaction R3.

—a— Air-firing

60 - —0— Air-firing with steam
| ---@--- Oxy-firing
504 ---O--- Oxy-firing with steam

N
o
1

Ignition time (ms)
s 8

=
o
1 "

1x10° 2x10° 3x10° 4x10° 5x10°
Particle Number Density

Figure 7-9 Comparison between calculated ignition time and experimental ignition time in the
steam injection case with 21vol% O, for Victorian brown coal. Note that R-3 refers to water-gas
shift reaction

Figure 7.10 depicts the predicted ignition time in the steam - rich environment with the
variation of the O concentration under both air-firing and oxy-firing modes. The model
further confirmed the importance of the water-gas shift reaction on coal particle ignition
under the air-firing mode, whereas such a reaction is insignificant for the oxy-fuel mode,
since the prediction results from the model without including the water-gas shift reaction R3
indeed fall into the standard error bars related to the experimental measurement. Instead, the
model including such a reaction slightly underestimated the ignition time. In addition, it was
found that the refined model did not agree very well with experimental data observed in 25
vol% and 31 vol% O under both combustion modes. This is probably due to the failure in the
model to account for the dynamic movement of volatile reaction sheet. By using the same
model for spherical cloud, Ye has also reached the similar conclusion in calculating the
ignition time of Hulunbel Lignite in 15% O at 1500 K (Ye, 2014).
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Figure 7-10 Comparison between calculated and experimental brown coal ignition time at varied

0Xxygen concentration in steam-injection case
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Figure 7-11 Ignition modelling case studies for higher rank coals for (top panel) sub-bituminous
coal and (bottom panel) bituminous coal. Two modelling approach were used, with and without the
inclusion of water-gas shift reaction, R-3
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Figure 7.11 demonstrates the modelling results for both sub-bituminous coal (Coal B) and
bituminous coal (Coal C). Two modelling approaches were also considered here, modelling
without water-gas shift reaction (R-3) in the model, and modelling with consideration of this
reaction. For both sub-bituminous and bituminous coals, the difference between the two
modelling approaches was insignificant. Instead, a slight delay in coal ignition was observed
when water-gas shift reaction was included in the simulation. As the shift reaction is
exothermic in nature, incorporating this reaction in the model should increase the local gas
temperature and therefore, accelerate coal ignition, rather than delaying ignition as observed
in Figure 7.11. To reiterate, the main reagent for shift reaction, CO is short from the
devolatilisation of high - rank coal (Kobayashi, 1977). Secondly, the water-gas shift reaction
is reversible and dominantly controlled by the temperature (Mendes, 2010). The conversion
extent of reagent CO to product H: is lowered significantly at high temperatures. As these
conditions are not in favour for water gas shift reaction in high-rank coal, it is unlikely that
water-gas shift reaction will be influential during combustion of high rank coal.

Figure 7.12 demonstrates the pyrometer-measured particle temperatures for the three coals at
a distance of 65 mm above the flat flame in 21%0.. For the steam-lean air-firing cases, brown
coal exhibits the lowest temperature, followed by Coal B and Coal C in an ascending
sequence. This is due to the abundance of gaseous volatile components in brown coal, which
escaped quickly from coal particle surface and burnt mainly in the gas phase. Adding the
external steam however increased the brown coal particle temperature remarkably,
contradicting the decrease on the particle temperature for the other two coals. This is a strong
evidence on the promotion effect of steam on the ignition of brown coal via its participation
in the water-gas shift reaction R3. In contrast, the heat sink effect is more influential for the

other two coals. The similar trends were observed for the oxy-fuel combustion cases.
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Figure 7-12 Measured particle temperature in 21% oxygen at 65 mm above the burner base. Coal
feeding rate was fixed at 0.5g/min.

In addition to the homogeneous water-gas shift reaction, the external steam in flue gas is also
supposed to trigger the heterogeneous char-steam gasification reaction during the char
oxidation stage. As has been suggested by our previous works (Prationo, 2015a) and those
reported in the literature (Hetch, 2012, Lei, 2014), the char - steam gasification reaction can
take place together with char - CO- gasification reaction under the oxy-firing mode. In light
of this, the char conversion stage was further modelled through the use of a single particle
combustion model that was previously developed (Prationo, 2015a). By matching the particle
temperature data in Figure 7.12, the contribution of char-steam gasification reaction can be

determined through varying the extent of char - steam gasification reaction in the model.
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Figure 7-13 Method to determine the contribution of char gasification reaction towards total char
consumption rate. An example of the simulation was shown here with brown coal as the test subject.

Figure 7.13 demonstrates the contribution of char —steam gasification reaction for Victorian
brown coal under the oxy-firing condition with 21% Oo. In the steam-lean case, the char —
COg2 reaction and char — steam reaction contributed 3% and 7.9% to the overall char burnout,
respectively. Upon the injection of external steam, the extents of these two reactions were
increased to 3.6% and 10.17%, respectively. Using the similar approach, the contribution of
char gasification for the other two coals was also calculated. Figure 7.14 illustrates the
results for all the three coals under the oxy-firing condition with 21% O>. The contribution of
char gasification (both char - CO2 and char - H20) for brown coal is obvious, as discussed
before. However, it only reached 9% for the sub-bituminous coal (Coal B), irrespective of
steam injection. This reaction is even insignificant for the bituminous coal (Coal C), reaching
only 5% in non-steam injection and 6% in steam-injection case for the measured particle
temperature of 1450 K and 1437 K, respectively. For both coal B and coal C, it is clear that
the injection of extra steam has a trivial role in triggering char-steam gasification reaction.
This should be mainly due to the low furnace temperature used in this study. Clearly, brown
coal has the highest reactivity in terms of steam-gasification reaction of all three coals. This

can be partly explained by the difference in mineral composition between coals of different
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ranks. The mineral matter in low-rank coal is generally dominated by alkaline and alkali earth
metal species which are highly catalytic towards gasification (Franklin, 1982, Kajitani, 2010,
Raask, 1985). In other words, the existence of steam is most beneficial for Victorian brown

coal studied here, fastening its ignition as well as improving its char burnout rate.
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I \Vithout Steam Injection
[T Wwith Steam Injection

15 +
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Gasification contribution (% )

Brown Coal Sub-Bituminous Coal Bituminous Coal

Figure 7-14 Contribution of char gasification to char-consumption rate at 21% oxygen
concentration in oxy-firing mode. The calculation was done by comparison of measured particle
temperature with the theoretically predicted particle temperature.

7.6. Conclusions

In this work, the ignition behaviour of Victorian brown coal in steam-rich environment has
been examined via both experimental investigation and modelling approach. The in-situ
diagnosis of brown coal flame were conducted for a range of particle feeding rate, 21 - 31%
oxygen in both N> and CO: diluents, comparison between Victorian brown coal and two
high-rank coals, and the injection of external steam (26 vol%) to mimic the wet flue gas
recycle in an oxy-firing furnace. The major conclusions achieved are as follows:

e At a high particle loading, brown coal particles ignited quickly upon the injection of
external steam. The external steam triggered both water-gas shift reaction and char-
steam gasification reaction. The former reaction generated abundant H> which
accelerated the homogeneous ignition and improved the flammability of brown coal

volatiles, while the latter improved char burnout rate.
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The refined transient ignition model results agreed well with the measured coal
ignition data, proving the influence of water-gas shift reaction on the ignition of
Victorian brown coal. On the contrary, the sub-bituminous and bituminous coal
showed an even larger ignition delay with the injection of external steam. This is due
to the lack of CO in the volatiles generated from the pyrolysis of high-rank sub-
bituminous and bituminous coal. Therefore, the impact of water-gas shift reaction for
these coals was insignificant. Instead, the heat sink of steam is more pronounced for
these two high - rank coals.

With the injection of external steam, brown coal experienced an enhancement in its
char-steam gasification reaction at a low furnace temperature of ~1200 K examined
here, while it has minimal effect for sub-bituminous coal and bituminous coal. This
indicates the high reactivity of Victorian brown coal towards char - steam gasification
due to the catalytic effect of its mineral matters.
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8. CONCLUSIONS AND RECOMMENDATIONS

This chapter provides summaries and major conclusions that are derived from the findings in
this thesis, linking their practicality to the industry sector. Some recommendations for future

research directions are also included in the closing section.
8.1. Conclusions

A comprehensive set of experiments and modeling studies were conducted to examine the
ignition characteristics of brown coal in air-firing and oxy-firing mode; focusing on the issues
associated with the unique properties of Victorian brown coal, such as AAEM species and its
solid additives, impact of inherent moisture content in wet brown coal and the influence of
steam. A bench-scale entrained flow reactor (EFR) with flat flame burner was integrated with
an advanced in-situ diagnostic facility for ignition research. The major conclusions from each

study are further highlighted below.
8.1.1. Influence of external clay and AAEM species on ignition

In this study, the impact of clay and AAEM ash-forming metal species during ignition were
examined. A 1M Hydrochloric-Acid (HCI) was used to leach the majority of the AAEM
species in coal matrix, such as Ca, Mg and Na. Removal of HCI-soluble metals significantly
reduced flame stability and delayed coal ignition by two order of magnitude in air-firing and
oxy-firing mode with 21% O». On the other hand, the addition of external clay to raw coal,
from 1wt% to 3wt%, negligibly affected coal ignition, indicating its practicality in coal power
stations. Also, an improvement in volatile decomposition rate was observed with an injection
of clay, which in turn enhanced the flame intensity and char burnout rate. In the oxy-firing
mode, an oxygen concentration of 30% was found to eliminate the discrepancies between the

ignition time of raw coal and demineralised coal.
8.1.2. Influence of moisture on volatile flame propagation

Following the study on AAEM species, this research then breached out to focus on the
moisture in brown coal and its implication on coal ignition. Brown coal samples with

differing moisture content from 12% (air-dried coal) to 30% (wet coal) were prepared by
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addition of demineralised water to the air-dried brown coal. Through experimental
observations, the delayed ignition of wet coal particles was confirmed in both air-firing and
oxy-firing mode. It was also concluded that the moisture released from wet coal exerted an
effect on the subsequent coal devolatilisation and char combustion stage rather than solely
influenced coal drying and ignition. From the modeling perspective, the theoretical model
indicated incomplete moisture evaporation prior to coal ignition. This accounted for 31%
evaporation extent in air-dried coal and 10% in wet coal. The remaining moisture was co-
released with the volatiles during devolatilisation and significantly altered volatile
flammability and composition at the particle surface. This suggested that two different types
of moisture exist in brown coal matrix; external moisture and internal moisture. The external
moisture is fully evaporated during coal drying while the inherent moisture is released
together with volatiles due to its strong binding with the brown coal carbonaceous matrix. In
oxy-fuel mode, increasing the oxygen molar fraction to 31% was found sufficient to reduce
the gap of ignition time and volatile flame size between air-dried coal and wet coal.

8.1.3. Influence of moisture on char gasification reaction

Succeeding the results achieved in Section 8.1.2, the impact of remaining inherent moisture
on char combustion stages was clarified through calculating the contribution of char-steam
gasification reaction. The extent of influence was determined by matching the experimentally
measured char particle temperature with the theoretically calculated temperature for each coal
sample. In the air-firing case, the inherent moisture was insignificant towards its contribution
to the char-steam gasification, which was approximately 15% for each coal and was triggered
solely by external steam in the reactor. This suggested the complete release of moisture
during pyrolysis before the start of char oxidation during air combustion. On the other hand,
the inherent moisture in wet coal was significant due to the co-influence of both char-CO>
and char-steam gasification reaction in oxy-firing mode (21%0>). This improved the total
gasification extent, from 8% in air-dried coal to 18% in wet coal. The extra 10% contribution
in wet coal was due to the long residence of the un-evaporated steam as a thick cloud on the
particle surface. Also, the differences between air-dried coal and wet coal were negligible

when O concentration was increased to 31%. Both samples exhibited gasification extent of
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28% in this condition, to which steam and inherent moisture contributed approximately 26%
of the gasification rate.

8.1.4. Influence of external steam on combustion of dense cloud

To finalise this research and determine its applicability on a larger-scale basis, the ignition of
dense coal particle stream, instead of dilute particle stream, was examined under the typical
wet-recycle atmosphere in oxy-fuel combustion (26% H>0). Apart from the combustion of
brown coal, the ignition attribute of high rank coal, i.e sub-bituminous and bituminous coal,
was also investigated. For brown coal burned in steam-enriched condition, the ignition of
dense particle stream was significantly accelerated by 15ms in air-firing and 10ms in oxy-
firing mode with 21%0., in comparison with the ignition of dilute particle stream. On the
other hand, increasing the oxygen concentration from 21% to 31% is insignificant in terms of
the ignition for dense particle stream under the steam-enriched combustion condition. Under
the similar condition, the ignition of the two high-rank coals was slightly delayed rather than
being enhanced, contradicting to that observed in brown coal. From the modeling approach,
the water-gas shift reaction, COg+H20g)=> CO2g)+Hz(g), was found influential in hastening
the ignition of brown coal as brown coal volatiles are majorly constituted from light
hydrocarbon, such as CO. Using the modelling approach as inferred in Section 8.1.3, the
contribution of external steam towards char gasification was also calculated. Upon the
injection of external steam, the extent of char-steam reaction of brown coal increased by 3%,

whereas no improvement was found on sub-bituminous and bituminous coal.
8.2. Practical implications

Some of the findings reported in this thesis can be directly applied in the existing industry
sector. Firstly, the unchangeable ignition characteristic upon the injection of clay allows its
utilisation in current power plant without burner retrofitting for the purpose of minimising
slagging and fouling in the boiler. Secondly, blends of high rank and low-rank coal has been
adopted as primary fuels in power stations to reduce electricity generation cost and increase
coal availability. Brown coal is proposed as a suitable material for blends due to its low ash
and sulphur content. From this research, an oxygen concentration of 30% in oxy-fuel

combustion is suggested to achieve a stable heat transfer performance in the boiler and also
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improves the ignition of brown coal to that similar in air-firing case. Therefore, brown coal

can be used in the blending combustion furnace with minimum cost associated with burner

retrofitting. Finally, the wet coal combustion modeling approach developed in this thesis can

be applied to improve the accuracy for the prediction of wet coal combustion calculation.

8.3.

Recommendation for future research

This study was set out to establish an understanding of the impacts of AAEM and moisture in

brown coal on ignition under oxy-fuel combustion mode. Some recommendations are

recommended by the author for future investigations.

1.

The study on AAEM was focused on the ignition of dilute particle streams. However,
most practical combustors implement the combustion of dense particle. It is suggested
that additional ignition experiments are performed with the stoichiometric O/C ratio
of 1.2, similar to that of the practical furnace. Also, different types of sorbents should
be considered as an alternative to clay.

The modelling work completed in this thesis was based on hand-written code in
MATLAB using 1-dimensional (1D) modelling approach. It will be advantageous if
this approach can be extended and implemented into commercial simulation software,
such as ANSYS Fluent.

The contribution of inherent moisture to char-steam gasification was calculated from
the modelling study. This result can be further verified experimentally by the
sampling of wet coal char at different locations throughout the furnace to derive its
steam gasification kinetics.

Extension of the current single-film model char oxidation study by implementation of
moving flame-front volatile combustion (MFFVC) model to clarify the role of
moisture during volatile combustion.

In the wet recycle study, the additional steam was injected tangentially at the side of
the furnace. As coal ignition is highly affected by burner aerodynamics, change in
steam injection position is likely to produce different ignition characteristic to that
shown in this thesis. For future experiments, the author proposes the injection of
preheated steam together with the liquid fuel/oxidiser in the flat flame burner to

further assess the role of steam on ignition.
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6. The water-gas shift reaction has been identified as an influential reaction for wet
recycle combustion through theoretical modelling study. The modelling works
conducted in Section 8.1.4 can be extended for application in the commercial CFD
software. Also, a high-speed thermal imaging camera can be used to further verify the

production of H» from the water-gas shift reaction.
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1 ICP-OES quantification and coal sequential leaching

Quantification of the major ash-forming metals within this coal and its sequential
leaching residues were conducted by inductively coupled plasma optical emission
spectroscopy (ICP-OES, Perkin Elmer 7000 DV). The standardised methods for ICP-OES
analysis were summarised elsewhere®. The sequential leaching was conducted by using
Milli-Q water, ammonia acetate (1 M), and hydrochloric acid (1 M) in sequence,
removing the water-soluble species, ion-exchangeable cations and discrete mineral grains
of oxide, carbonates and sulfate, respectively?. Each leaching was conducted by a
magnetic stirrer, under the conditions of room temperature, liquid to solid ratio of 10, and

2 hrs.

2. Coal ignition in the FFBR

A mixture of CoHa/H2 is used as the fuel for the flat flame burner. The Oxygen and
Carbon dioxide gas were chosen as the oxidizer for oxy-fuel conditions and the air and
oxygen were the oxidizer for air conditions. The gas flow rate is adjusted carefully to
provide the gas compositions of 21%0O: under N2 and CO> diluted conditions with 15%
H>0 level. The total gas flow rate is fixed at 11slpm for all cases. The pulverized coal is
fed with a piezoelectric feeder at fixed feeding rate of 0.1g/min and entrained with the
diluting gas at very low flow of 0.7slpm. This is to prevent the thermal shielding effect
during combustion due to the cold gas flow. The furnace temperature is fixed at 1173K
for all cases. The gas temperature is measured using R-type thermocouple corrected for
radiation loses®. The furnace is allowed to start up for thirty minutes for heating up

process before starting the experiments. The furnace temperature profile for 21% oxygen
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in both air and oxy-fuel mode is shown in Figure S1. The gas compositions in the FFBR

are summarised in table S1.

Table S1 Gas compositions from C>Hs4/H> combustion

Casename | Air 21 | Oxy 16 Oxy 21 Oxy 26 Oxy 31
0)) 21.03% | 16.64% 21.57% 26.54% 31.54%

N2 44.04% 0.00% 0.00% 0.00% 0.00%
COz 16.44% | 64.90% 59.92% 54.92% 49.89%
H>O 18.49% | 18.46% 18.50% 18.55% 18.59%
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Figure S1 Blank gas temperature profile along reactor axis

3. Image processing to clarify coal ignition and oxidation

The images of coal flame were taken using a Nikon P7000 digital camera. More than 100
images were taken at each operating conditions for statistic analysis. The average length
of coal flame was determined via digital image processing software, ImageJ. The
measurements were taken from the burner base (h = 0) up to the edge of flame (h =
L).There are three different regions that can be identified in coal flame pattern, initial
drying/devolatilization, volatile combustion and char oxidation, as demonstrated in figure
S2. These regions are identified and supported with the images obtained from the high
speed camera observation. The combustion intensity is also characterized by means of
flame luminosity and flame pattern. Total coal burning time can also be quantified by
characterization of flame length and compared with the numerical calculations to predict

the combustion efficiency.
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Char Combustion

Volatile Combustion

Drying and Volatile
Release

Figure S2 Sample Image of burning raw coal in air

4. High Speed Camera Facility for Single particle imaging

A MotionPro Y3 high speed camera equipped with microscopic lens is employed to
visualize the burning behaviour of single coal particle. The camera is set to capture 1000
frames per seconds (fps) corresponding to an exposure time of 997 us. Note that, None of
external light source has been used during the high-speed camera photographing, because
the flat flame formed by liquid fuel provided sufficient heat to light up the un-reacted coal
particles close to the burner base. For the ignited coal particles, their brightness was
strong enough for photographing.
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More than 1000 photos were taken (as a form of video) and statistically analysed by
Imagel to determine the average particle velocity profile in the reactor. The analysis

method is shown in figure S3.

(a)

(b) \ 0

i

Figure S3 Sample images obtained using high speed camera for combustion of coal in air,

taken at position of 50 mm from burner base

The elongated particle length (Point a) corresponds to the velocity of particle travelling at
that particular point. Point (b) is the flame of the burning ethylene/hydrogen fuel. The

particle velocity is calculated by:

__ Length of the travelling particle

PV

@®)

exposure time (997us)

5. CFD modeling for the initial non-reactive particle heat-up stage

To supplement the experimental observations, the commercial CFD software, Ansys
FLUENT 13.0 has been employed to predict coal particle velocity and oxidation time in
the FFBR. The FFBR geometry was established by using GAMBIT 2.4.6 preprocessor to
create the grids. The structural hexahedral cells with a total number of 56,000 were
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created. The sub-models chosen for coal combustion are the same as that we had used for
the modeling of coal combustion in drop-tube furnace*. Regarding the clay mixed with
coal, it mainly consists of 56 wt% SiO», 18% Al>Os, and 10% CaO, with a cut-off size bin
of 0~38 um. In the CFD model, the clay was set as a separate ‘inert’ stream with the
physical properties as: density p = 2160 kg/m?, specific heat capacity Cp = 1381 J/(kg.k),
thermal conductivity k = 0.15 ~ 1.8 W/(m.K), emissivity ¢ = 0.75, and thermophoretic
coefficient determined by Tablot-diffusion method that is also the default method in the
FLUENT package. Given that the thermal conductivity of clay varies broadly and the
other properties are rather constant®, for each case two modeling runs were conducted by

using two extremities of the thermal conductivity of clay.

The initial particle temperature profile, prior to its ignition, is shown as solid curves in
figure S4 below. The dashed lines in each panel were used to interpret the particle
temperature prior to its ignition. For each dashed line, its x-axis value referring to the path

length for coal ignition shown in figure 4 in the manuscript.
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Figure S4 The initial heat-up process for non-reactive coal particle and the way to

determine the particle temperature when it is being ignited

6. Calculation of the adiabatic temperature for igniting coal particle

This was done by assuming the volatile cloud as hexane (CeHi4) and its combustion
occurs at the stochiometric ratio to oxygen on its flame front on particle surface. For a
single coal particle when its volatile cloud (hexane) is burning, its solid mass was
determined by using the average diameter (83 xm) and a particle density of 800 kg/m?®.

The particle was simplified as non-reactive C(s), which merely adsorbs the heat feedback
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from the endothermic oxidation of volatile cloud on its surface. The fraction of volatile
cloud was determined by figure 12 in the manuscript. The oxygen fraction was
determined according to the stoichiometric ratio by the oxidation equation. The balance
gas, N2 or CO2, was determined according to its volumetric ratio to oxygen in the bulk

gas.

The module “heat and material balances” in HSC Chemistry 7.1 was employed for the
calculation. The input includes above volatile cloud and its temperature sets at the initial
coal ignition temperature in figure 9 in the manuscript, whereas the bulk gas (O2, N>)
temperature was set at 1000°C, according to figure S1. Its output includes the oxidation
products of the hexane oxidation, CO2() and H20). Energy loss was assumed as zero, all
the heat released from hexane oxidation was used to heat up char particle, C) and the gas

products. The calculated results are shown in figure S7 next page.

7. Coal devolatilisation rate using the E and pre-factor parameters derived from

TGA data

The calculation was conducted based on the first order reaction rate for coal
devolatilisation in the equation of dx/dt = A exp {-E/(RT)} (1-x), where x refers to the
released fraction of volatiles, t time, A pre-factor, E activation energy, and T particle
temperature. The particle temperature T at a certain time t was calculation by linear
interpretation between the two ends, the initial temperature for coal to ignite in figure 11
and the adiabatic temperature predicted in figure S6. The above equation for coal

devolatilisation was solved by assuming a fixed step 0.01 ms for time increment dt.
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Figure S5 Heterogeneous ignition temperatures for raw coal, coal with clay, acid-washed

coals measured by TGA. Panels (a) and (b) are for the measurement at the heating rate of

10°C/min and In B/T2 — 1/Tmax relationships for three cases, respectively.
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ABSTRACT: The influence of external day additive and inherent minerals on the ignition of 2 Xinji

flane propagation in air versus ary-fuel mmhmb-umcimﬁmtmthxwui w&gmm
s took As has been confirmed, §
oxidation of a tarry wolatile dond. The removal of HC lsoluble metals shifted coal devolatilization
in air and 21% Oy, in OO0 . The mixing of extemnal &yuﬂoﬁhﬁh&cﬁdmhwm

(FFBR) coupled with in-situ optical di
initiated by homogensous

towd higher temperstures

Howeyer, imhmimqlmmalmﬁﬂemiﬂﬁn@mm
was found to be most inflnential

oxygen fradion in the bulk g=

and its volatils
bumer reactor
of the lignite studied in this paper was

surfce. The
the fradion © 3% eliminated all of the

dmmﬁmm%ﬂuﬂd%ﬂammn{mhgﬁmﬂdq.

1. INTRODUCTION

The ash-forming metals in coal, namely, mineral matter, play a
dual role during coal combstion. On one hand, they are
directly relevant to sheging and fouling, which are the two maost
m]mthatnug:.teﬁgperﬁnummddﬁnﬂwpo&
cm.'lﬁud.'h-u]:rs. mﬁguﬂwhnd,ﬁgpmupdﬂ:of
shuttling agents for bulk tl:pgmach'm‘hlm m'a.ch'mmgﬁ.:
stble surface oxides of the u'?ncp-umnfam]dmrgﬁc
early sage of coal comlbustion” The impadts of mineral matier
m]n'ud:ml.dﬁu']m mank coal, such as sub-hituminons coal and
Hgnite, as their ash-forming metaks are generally dominated by
alkali and alkaline arth metals that ane highly catalytic for coal
combastion but also influential for severe slagging and fouling
in bodlers.

To minimize/ alminate thgshﬁ:ing and :Eru.'lmg ])cmp-em:itp
of allali and alkaline sarth metals, Jow-rank coal can be either
treated first by acid washing to remove the shforming metals
or by mixing with a solid additive for the purpose of in situ
capture of alkaki and alkaline sarth metals in a boder. For the
former method, the remlting acd-washed coal can be barned in
Avﬁ:'ad-hjecﬁnuimegml:D[CE]mg: turhine o il gaie
jts carbin emission 'tma.sbep-d'mls!mndg‘f)w
previcus works have demonstrated the simplicity of maobilizing
ash-frming metals from lignits under ambient mnditions and
using weak acids for an estremely short time ** Regarding the
Litter method for the mixing of additives with codl, this
apprach & more practicable for pulverimed coal-fred boders,
where low-cost refactory minerals such as clay can be injected
together with coal particles into the existing mill '** Prior to
the deployment of sither msthod in indwstry, it is esentid to
chnfy the changes in the combustion duncterstic of bgnie
u]:-uia.cid-uu.-ﬂthlsutdmﬁlinswiﬂidi?,u this is primarily
imiportant for the stability of an existing baler.

o ACS Publications @204 Amencan Chemical Sosty

To date, the ressarch on acid-washed lignite reported in the
bteratrre has manly foomed on comparning the devolsil mation
and bumont mtes of mw coa, addwashed coal and mal
:u'n]res:u:bud with different metals by ﬂtﬂmn-su.m'n:hx
amalyss (TGA) at extremely low heating rates or in fixed:
uﬂﬁﬂmdhﬂdmm:uﬁﬂtﬂtmhﬂuzdundm
quickly swept away from the char particle surface by bulk g ®
Despite the abumdance of knowledge on ool burnout in the
biteratore, there is stll a s of essential information
mg::d:hlgth::i:'ﬂm-nfuh ing metals on particle
ignition, fme propegation, tr fomation, and in stu tar
ozidation. In a real combustion environment, the wolatiles are
Ichmditi}mthlgnumﬂtmdﬂud:lﬂ"ﬁ,’s,mmdﬁ:
released volitiles alo partly reside on the char swrface, forming
1dnﬁd'ﬂ1&td&hsﬂ!ﬂqmtdu:ignﬂinmudodddim

The dforementioned studies with low heating rates filed &
address all of these aspacts. Mareower, the addition of chy ©
cmal can affect coal ignition by deactivating dkali and alkaline
earth metals and/or catalytically promoting oxygen shottling,
These two roles conld connterhalance one aother md, hence,
m‘ta.m'n]iud&ctmﬁgigmh:imi&onﬂ partides.

In this study, 2 lignite rich in dkabi and alkdline sarth metaly
its HC l-washed residue, and a misture of this coal with 3 wt %
clay have been tested in a2 hbomatory-scale flatflame bomer
reactr (FFBR) for their ignition, flame promgation, and
volatile cloud oxidotion propertiss The FFBR ussd bums a
mixture of hydrogen and ethylene to create a fla fhme that an
hﬂm.'l]urﬁdﬂa.ta.nteod:-wlﬂ" Ws,:h'nﬂa:tn-'ﬂ'l.:n‘be
found in industrial boilers. It is coupled with various advanced
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resalution camera for fhme olsermtion and 2 high-speed
camera for chservation of the release, dynamic addation, and
distinction of volatiles on the partcle surfice and articls
velocity messurements. The meamred results wers compared
with and also interpreted by data collscted from thermogravim:
etry-differential thermal aahsis (TG-DTA). In addition to air-
ﬁﬂlg,mup-ﬁ.dmuﬂmsﬁmimtin.él—Slvo]%umuﬂ
Ci)y, hlince wa ako conduced, where the steam concen-
mﬁnuiisheptmul?ﬁvu]%.mm]suqﬂ:mhmd
th:dahhnﬁthmﬂpnmmmbmu:nd‘ﬁﬂm
explonation degree, even though such coal mm.l:'imlﬂ
appumld?mﬁﬁgnmﬂﬂmﬂcmlm

2. EXPERIMENTAL SECTION

2.1. Coal Properties. The mal wed & Nirjiang lignits with
2 cutoff sime of 105—153 pm, the i and olfimae
properties of which are bisted in Tahle 1L The as-received coal

Tahle 1. Proximate Properties of the Xinjiang Lignite Tested

Teommws Aoy

Smeel e (% i) &30
e ] 07T
ik (% ) 500
mcat (% =) AT

Ultimate Asclysis (9% d)
L]

037
ua

gwamna
B

“By difference.

has 2 relaively high content of moisture, whereas i ash-
furnhlgmkmﬁwm}pﬁﬂﬁinmlm
conentrations of major ash-forming metals in the raw coal and

its ssquential leaching residnes are reported in Table 2. Ca i

Table 2. Properties of AshForming Metals in the Raw
mwowdl wwsmowmbel  Adowskel"  HAwmed'

A RS a4 2134 10D
Ca LExG4 130 &3 M3
Fe Esd3 o3 *21 &5
K ) & 59 54
My L &7 i ns
Ma 175 T ny T

‘M-uﬂnuﬁam‘:[]ﬂl%-}qﬂmdﬂuﬁcmﬁ (HO, 184

the most prevalent metal within the mw @al, followed by Na,
Fe, Al, aJthgmdﬂc:nd.msu’dﬂ' The concentration of Ca
s}n‘madhﬂ:chmscq)mimumdmls,hm:gt
acetate 5 an abundance of ion.

Ca m‘m&ﬁwmg functional groups such as
u:hﬂzndwmﬂ!mlmhhﬂumhmgh
HC] reduced the Ca mncentration to onetenth
o&:hu’:snuilq_ml.ﬂ:p mdxa.tnstjtabuldmod:md.ﬂ'
carhanate grains Another dlaline sarth metal Mg showed
similar behavior vpon s=quential leaching, ramely, shandant

ion-exchangeabls cation and oxide/carbonats grmine In
cmitrast, the two dlali metals behaved differently, with Na
being mainl mﬂmmﬂﬂemﬂ.m
a.-mtnaiesoh;: whersas K had no change upmn
mqmrnﬂhdmg,F:mmm}pdmdwmmunﬂm&
umahocbmﬂin\"mmlnwmml This is an
indictor of the assodation of a of Fe with water.
soluble hydrocarbons such as umic add within the coal matrix,
f:m'm:ng muﬂiﬁ:ﬁgih structure P The :h:l:u':rning
rnﬂta.'l omal 5= are
anthear Tﬂmﬁ?mspunmdm
2_?_ Determination of Coal Devolatilization, lgnition,
and Char Oxdation by TG-DTA. TGA ws emplyed ©
amsess the readbivity of mw cml, addwashed coal md mal
mixed with chy. At most 10 mg of ample was wed for =ach
run. Coal pyrolysis was amisd out in ade 50 at four
d.ﬂfumhﬂ.ﬁnsrmﬁwn lﬂ-mm; Srmusmiﬂnw
rate was maintained at 100 ml/min in each case. The igniton
and char oxidation rates wers determined by replacing argon
with air The data interpretation rmmdm o ertract the
kinetic data (actvafion energy, E, pre-exponential fSctor, k)
was detailed ebewher= ™
2.3, Coal lgnition and in Situ Optica Diagnosis. The
cmal combastion sxperiments and in situ optical dagnosis wers
carried out in the bborataryscale FFER illwstraed in Figure 1
The reactor was H c and a flat:
flame= Hmdmddﬁmmhmamﬁmmﬂdm“ to provide a
hightem perature gas flow by buming 2 mizd liquid fuel of
hydmgen [Hz]mdﬂphg[ﬂzﬁﬂ.m?sﬂwmm
uﬁmhdmpaurid:mummmﬁmcle—.ﬁlvol%
with N; or C(, as the balance, whils holding the @ncentration
of water vapar (genersted by bquid fuel combmtion) constant
at 1751 wol %. For smplficstion hereafter, the oxp-el
cmditions with the oxygen concentrations of 21%, 26%, and
1196mmfuwud.:bma2],m2ﬁ,andctpﬂrwﬂp
To minimize the rbulenc affect of gas and mixing,
the otal gas flow rat was mantined constant & 117 L/min
(STD). In all cases, the fumace/flue gas tempertme was
maintained at 1273 K at the fht-fhme bumer hose (s== Figure
1), whereas a2 men qurtz wall emperdure of 773 K was
mdmmhﬂhn.m?n}mmudfudmfadwﬂii
piemnelectric feader at 0.1 g/min and entrained by a currier gas
of 07 L/min (5TD) into the reactor 2 central tube of
L5mm id. in the Hencken bumer. The combustion chamber
was isohied with a 115mm-diameter cplindrica -q_m.'nlzube
reacinr inslated by Kaowool with a thickness of
25 mm. A shroud inert gas of 1 Limin, sither pare N or OOy,
mhjumdxth:mmrhs&dubu:mmnuﬁd
interference of surounding @ir in the sthility of the flane.
Coal flame images wers tdken with 2 Nikon P7000 CCD
camera. The images were pocesed to exract information
regarding ool ignition distance, volatils oxidation distance, and
duration of char combmstion. The ignitin distancs i defined
from the buner base to the point where the flame is vimally
observed This distance is wmlly yellowish in olor, showing
the releass of the velatiles prioe to the initial ignition stage The
luminows, bright, and thick flame ssgment next to mal
ignition stage signified complete odation of volatiles, whersas
the remraining tail of the flame with rather weak minosity was
denoted as combmtion '™ The quantitative method for
dlummmsunhﬁﬂdmﬂmﬁsu:eﬁzod:ﬁ
\'.I'_.ﬁ.MnthPm-Yih = mmﬁmﬂ)’l" w:d'l.
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particles, including their velocities, volatile cond sies, and
velocities has been previowsly desaibed'” and in also detailed in
Figure 53 of the SL

3. RESULTS AND DISCUSSION

3.1, Devolatilization and Char Oxidation Reactivities
of Coal Samples. The lignite studisd in this work had Hgh
readivity toward devoatiimtion and char oxidation. Its
reactivity & summarized in Table 3 and Figwe 2 in a
comparison with previously published resltc For the
devolatilzation rate in Table 3 and Figwe 23, the mw bgnie
has a devolatilisation raie that was lower than those of air-dried
and ammonium acetatewashed Vicosian brown coal but

Table 3. Activation Energy (k] ‘mol) and Prefcwr (s7") for
Raw Coal, Coal Mived with 3 wt % (lay, and HCl-Washed
Coal®) and Comparison with Other Coals
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Figure 3. Representative flame pattens and flame lengihs for raw coal, aoal doped with 3 wit % clay, and HA -washed coal in air versm orp-fod

mndes

lierature ** Upon HCI washing, the coal devalailizstion me
was decresed to a kevel cdose to the chsermtions on
bituminous coals published by Ubhayakar et al®® and
Bobayashi et al® This echoes the loss of ash-forming metals
inchuding Ca, Fe, Mg, and Na in Table 2 and supparts the
catalptic effect of these metals on coal volatiles release The
prrolysis of Na(lloaded lignite in a fhidized bed Mfiwed bed
reactor exhibited an enhanced yield for light species inchding
formate, acetate, and malate ™ Ca0) has been demomtrated to
be atalytic in cacking orygen functional groups to arbon
monoxide It has akto been showm to be reactive in promoting
ﬁgmmﬁxdlﬁtmfuﬁgwo}pko&mgesh@c
at 753 K The removal of metas here & this supposed to
affect the coal pyralysis product distribution in an opposits
manner, namely, inhibiting the release of hght hydrocarbons
and deactivating hydrogen shuttling. By the use of TG-DTA for
the pyrolysis of lignite and its demineralized #t hasalso
been confirmed in the literature™ that the total weight loss of
ﬁg&rnﬁm]izﬂdmnpkms]ighﬂpmﬂlmﬂutnfﬁg
maw coal Soch s observation is broadly consistent with owr
results for H(l-washed \.'.mp;'l.lﬁ bignite here.

For the mw coal with without day, the midation
reactivity at 2 given tempersure in Fignre 2b is 10—1000 times
higher than the lterture data Removing the ash-forming
metk by HCl washing decreased the coal oxidation reactivity
to an order of magnitnde smilr to that of hituminons codl
Here again, the ashforming metals mentined above are able to
catalyze the ignition and oxidation of coal i Figurz 55
(1) frther ilhstrabes the DTA curves for the madation of raw
coal, it ammmnia acetate-washed residue, the residne after HC1
washing, and a miztre of coal with 3 wt % clay. Adding 3 wt %
clay slightly afiscted the coal axidation patern. In contrast, the
ammania actate washing @used a detectable rightward shift of
the peak refeming to cod igniton md madmun mass s,
which wax frther delyed to 873 K for the HClwashed
sample. Compared to ammonium aetate-solubla cations, the
HCl-soluble species referring to discrete oxide mineral grains,
which should be highly dispersed within the mal matrix and

Cal:loaded aal char confirmed that Cal) is able to mise the
char axidation rate by a fctor of up to Z700.>

3.2, High-Resolution Camera Observation of Flame
Characteristics in an FFBR. The repressntative flames for the
cambustion of three coal samples are vimalized in Fignre 3. For
ﬂ!nw]iﬁ,iﬁmnhsﬁnmhzﬁﬂhiﬁtﬂtbﬁghﬂ
fame, in whi ﬂ!hﬂtbunseg:mthpﬂuwm&wu]nmu
the initial step for coal drying and devalatlizgion. The overal
fame luminosity of aw coal was decreased u
ﬂtmcud‘m?] in place of air. At the mmﬂ.ﬁ
naticeably enlarged, indicating the delay of coal ignition and the
bifting of its flame, which & thus mstable in oxy-2] mode
Increming the oxygen fraction in oxy-26 and oxy-31 restooed
the flame lminosity and length to values smilar to thoss
observed in the air @se The discrepancies observed between
the air and ory-fuel cases here are broadly consistent with the
lteratire ohservations™ =" wiich are mainly attributed to a2
larger ﬁ]z-aciﬁ:hutu]ncitpod:{_'ﬂzﬂlm]ﬁﬂitum the
delay in mal ignition and increases the radiative heat fiur from
the @al flame to the smmounding bulk gas

H{1 washing rednced the coel airdiing flame ntensty
dramatially. In particular, the initial yellow zone for coal drying
and devoltilzation was lifted sgnificantly. In addition, the top
bright section for char axidation nexly disnppeared, indicating
a significant delay in char particle ignition. In cxmbination with
the TGA obserations in Figure 2, this result & cleardy
attributed to the los of HClsoloble metals, which postpones
both coal devolatiization and char parfide ignition. Changing
the oxidating gas to oxp-21 further worsened the FClwashed
cml flame intensity, which even baoked a dexr ignition and
oxdation stage for the wolatiles Increasing the fraction
m.ﬁ]%inﬁamqmmmhe:@m&h
add-washed coal. However, the flame achieved in oxp-31 for
addwashed cod bgnite wes still less lominows thon the mw
cml flame

The we of cay as a fnel additive cammed nondetecabls
'.‘J'HJ'I.SEE hﬂ!mﬂmhﬂ:ﬂ.uus}npeuu‘lhmitphrh.

hence have intimate contact with ool crganic moieties, are

dlearly influential in char oxidation. In addition, the oxidation of

i , for the oxy-2] case, the flame intemsity of the top
section referring to the char oxidtion zone was markedly

o olorg A0, K21 ASARERE [ind Fng T, Ae D14, T, Z4-2608
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improved when mmpared with that for the raw coal mder the
same experimental conditions. Increasing the oxygen fradion in
Ci: groally narmowed the gap between air and oxy modes in
regard to fhme intensity. Such mformation was not detacied by
TGA, where both the day and mal partides remained still with
Little interaction. In other words, in a rea coal-fired case, where
particles move rapidly, the influence of day on coal oxidation is
more obviors becamse of the ntimate parbicle-tosparticle
interactions.

The coal ignition time was hwther measred and analyred
statistially based on flame pictures, as summarized in Figore 4.

CL
1 ) ] R con
04 T £ Arid-washesd ooal
c | £ ] Casal + 3 i iy
a2z 7
15 e | e | (8]
E 'II:—- J'
. oo
E 1
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— =0
wo{ B | BT ehpr s S|
80 | | 1 i i)
100 4 | | |
o 1 T e T
# P & =
o o o

Figure 4 Distances for (a) ooal ignigon and (b)) omidation as a
fanction of bolk gas compositon for rw al, ackdwashed onal, and
cnal mimed with 3 wi % clay.

For coal ignition distance in panel a, the mw coal showed a
distance of 15 mm in air, which was enlurged to X} mm on
average in oxy-11, becamse of the larger specific heat apacity of
CO), compared to M, Further inoesses in the oxygen faction
in OO, to 26% and 31% reduced the mw oml ignition distance
to 15 mm, sulstantiating the achievernent of 2 similar ignition
time with the air case. The HClwashed coal showed a lng
ignition disknce of ~25 mm in air. Iis ignition distance was
turther increased to =30 mm in oxy-2]1 and then mednced to 2
level dose to that of raw coal in oxy-31. Adding clay o coal
cansed litle change in the coal ignition distace in air but
slightly reduced it in the oxp-21 case More interestingly, by
comparing the air and oxp-21 @ses for coal mize d with 3% day,
one can see that the difference in mal ignition distance between
these twn cases wz only 1.5 mm (16 mm in air vs 17.5 mmin
oxy-11) compared to ~5 mm for mw mal (fom 15 to 20 mm )
and H(J-washed mal (from 225 to 275 mm | The we of day
partly oftset the negative effedt of the lage specihc heat capadty
of Q0 in the ory-foel cases

The total distance for the oxidation of @mal volatiles and char
in panel b showed less variation with bulk gas compasition and
the mmples fed into the FFER. This hrther suggests the

time. For a given bulk gas, a lage similarity between maw coal
and coal mized with clay is expeded, echoing the similar
reactivity of these two mamples confirmed by T (A Regarding

o

the HClwxhed ool it oxidotion duration was also rather
comparabls to that of mw oal, which shonld be becanse of the
ume of emess air for coal oxidation in the FFBR here, = the
T(GA confrmation indicated 2 much lower reaction rate for the
addrwashed coal

33. High-5peed Camera Observation of Coal Devo-
latilization and lgnition in an FRBR. To clarfy the transient
phenomena ocoumring during the initial coal devolat] wation
and ignition, a high-speed camera coupled with 2 microlens was
further employed to photograph the hist 5om distance from
the FFBR burner base, at a shutter speed of 100 fames per
s=00nd and an exposure time of 990 ux for each frme. Typical
photographs are presented in Figure 5. Figure & quantihes the

- II H H

HA-wusbiad
vesw

- i
whay
Adr

Fgore 5 High-spead camem obsermtions of the inigal
three maes at a heght of 5 cm fmm the §

Clay-2h

y-31

[yl

partices for

size distribution of the olserved bright spots In each picture,
the bright rodlike spots were ssigned as igniting particles, the
length of which refers to the partide tmjectory camsed by its
upward motion, wheres the width squals sither the diameter of
the original coal parficle or the diameter of the volatile dond
envelope on the particle surface. For the raw cmal tested in air,
the width of the bright spots varied broady, with same being
nexly mound for an intense nelease of wolatiles and their
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Figure & lgniting volatide doud sives as o fandéon of bolk gas oompo siteon for theee @ses: (a) raow coal, (b) HO-washed coal, and (c) ooal mised
with 3 wt % clay. Measorements were done for the lominoos spots observed af o height of 5 an from ghe borner hase.

preferential residence and ignifion on particde surfa= The
vohﬂummjringmth:du:mﬂmmmiﬂ?rkmhmp
hpd:mbmuﬁumd.ﬂﬁndtmbeswqxampbp
?.iu'ﬂﬁsu:eﬁﬂ.mﬁ:uadirmm&hof

300 pm for the volatile doud formed in air, which is around 4
times the sime of the orginal coal particke diameter.
Interestingly, the substittion of oxy2 1 for air yielded abandant
thinner spots with 2 mean width of @ound 200 pm; ss= Figors
fa. This is in mﬂ'nm.twﬂ'l.F:gut -Ia.ﬁu'th:dnuw:ig:m"
o&nwmﬂ:m-}.l,uﬁth,inwn, pu'mdudi:uhﬂ.t
feedhack to its host coal icle to ensure 3 @ntinuous release
of the remaining volatiles from the coal matrix. Increasing the
orygen faction in CO, Gvored the ignition of the initially
ﬂudﬂﬂquﬁ&inmmﬂ!ﬂue&m
volatiles to form 2 lager and brighter igniting spot. However,
tj'l.u::impmﬂl:m inal, & the mean width for
bu'.isi'l.tq)-uts:inth:m-.}l ase was still smaller than that in the
air @se.

The addwashing of mal cavsed litde change in the mean
width of the i in the a@ir a=
o & e e T
reduced. Similardy to the resulis achisved for mw cml, changing
air © oxyp-21 for the acid-washed cml damatically reduced its
jmi, which. is even close to the ariginal coal size. This indcates
that the devolitilzation of add-washed coal did not oo at a
resctor distince of 15 mm. Increasing the oxygen fmction in
Eﬂzm.ﬁlﬂiminwadﬁ:mﬂvuhﬂedzhﬂusun:mﬁuu
intj':a:h'cugTitdﬁuuto&th:miﬁnscfmeﬂich?mdm

change in size was maost influential Although the
majarity ﬁﬁm@w resided at the mem size of

A0~ 300 prm in air, the particls sies were broodsmed to 2 wider
with 2 mmparable fradion larger than 600 in the
m\ﬂmmuenms:;ﬂﬂuﬁﬁpumm::‘i
of coal devolatilization by clay. This was not detected in the air
o fing a quick ignition of the fagmentsd kght
hm?imqhmg uygmﬁinhm‘l.mfl:sﬂz
improved the volatile oxidation mte for mal mived with clay,
which, in tum, decreased volatile doud e Is valoe at arp-31

was even sh smaller than in the air case.
3.4, Buming Partide Velocity Profiles in an FFBR.
Particls welacity profiles measnred by high-
illustrated in Figune 7. Regardles of the cod smple od balk
B comporton e ol e oty el o e
12 momi, where char oxidation commenced. For path lengths
from 20 to 6 mm, the variations in the particle velocities of
Minwmimdﬂﬁi-uﬂdmiuﬂhlgumqmﬂim
mmpnlmratdikofﬂﬁwﬂmiﬂ!emh:mudhp
the vaiations in the mﬂpu'u:kmhmgﬁ:
addition of 3 wt % clay to @al broadened the discrepancy in
particle velodity between different bulk gases In particular, the
mma:im:ized.a.tﬁﬁm,uﬁdi tot]'l.:up
I muﬁnuiﬁwthgﬂmohﬂﬂhﬁgmlm
inm:hmnfdtch?prﬁdewdﬁpwmmfuthk
as the clay remains imvisible in the fiel d of view of
the amen whers only the liminous particles ae detectable.

4, GENERAL DISCUSSKON

Cmsthgmhhﬁgwu&utd?,d!miis:ﬁﬁm
time was deduced and is plotted vers bulk gas compaosition in
Figmlm:awm]cﬂﬁlimdmsisniimﬁmnd:

o olorg A0, K21 ASARERE [ind Fng T, Ae D14, T, Z4-2608
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Figure 7. Particle velodity profiles in the early stage of coal combuostion
as a fondtion of bulk ges compesition for thee diffeent maes: () raw

coad, {b) HClwashed coal, and (<) coal mivad with 3 wt % day
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&

Figure 8 Coal gniton @me (ms) as a fondtion of bulk gas
o osition for three different cases: raw coal, acd washed onal, and
coall mimed wigh 3 wt % clay.

approximately 8 ms i air, the magnitde of which &
comparable to that of a high-voltile bituminons Pittshurgh
seam coalin 2 hotter gas of 1700 $.°° This further supports the
high reactivity of the lignite tested here. Substituting oxp21 for
ajpnaq:uwdthig:ﬁnfnwmimquuuﬁmu}rzﬂm,
which is more than twice the value obtained in the air case. This
echoes the Lrger specific heat capacity of CO,, which i around
1.7 times that of N,. Increasing the volumetric specific heat
capacity of the bulk gax increases the autagnition time of a fuel
bnexly, as smggested by the adishatic thermal explosion
equabion

AT/ T
g ¥p ot exp{—T,/Ty) (1)

Increasing the oxygen frction in OO, decressss the
volumetric specific heat of the overall bulk gas, but it
abo increases the reactivity of the foelfoxidant misture,
A exp(-T,/Ty) As a result, the gaps between the three solid

mmely, mw coal, addwashed coal, and coal mized
with day, disappeared when the cxygen fradion increased ©
26% and above Moreover, cxmparsd to mw coal and it add

L=

different gases in Figwe 8. The discrepancy between air and
mzlmmﬁami'ywuuimmdru s, ing to 9.2
ms in air versos 10,7 ms in oxp-2 L This @n be o the
mhnmdmhu:nd"niﬂuwtheddmof:hymml,
asvismlized in 5 and & Such an improvement, referring
to the local mass fraction on coal particle, Ty, in &g 1,
dlearly munterhalinced the negative effect of the gas vohimestrc
q)-auﬁ-:l:ﬂ.t-npu:trﬂmdeﬂ: 3 and Fj 2 did naot
evﬂﬂuthgﬂh}ph:rdnﬂunqu’m]d;s:h:ﬂzamm
TGA, the clay added here shoold promote the sscondary
cracking of the released primary hydrocarbons in the vicinity of
m]p.'l'hdu,ludmgmth formation of more hight moisties
th.tmru.d.ﬂ'y Mnmmwhlm
Mhﬂmtﬁ:mﬂdthd&utd'dqr :npu'mnnt the
mﬁ:ydmpndumnd"mﬂm.ﬂmdqrmdmﬁmﬂ
to be reactive in the adthation of by
to coal mdthmsofddl'm Fh‘?chyﬁ'tgm
wation."®

Uking the 2 volatile clond simes caloulated hosed on
w&ﬂmhhwmﬁv&ﬂeﬂm
radis, mmdmmud:.:q_mﬂrod’vﬂﬂﬂmk:adm
i tide surface Equation 2 wa derived from the
bteratore™ as follows

B d{AV, /¥y [ whf BT |
T & |oeag |F )

In this squation, the ignition emperaure, T, wa derived from
anmt\-l[Q]hymFngth:p:ud temperature profile
ﬂmd.d.ym:lmu [CFI) wthﬂu

3l Tlnsm:gmﬁcaummrtummndmhmhﬂ:dﬁct
on coad ignition, as the ehtion of the catalytic sh-forming
metaks decreased the reactivity (prefactor) by 10°-10°-fald
The increase in the volatile factions upon mixing chy with mal
mmu’epﬂwmlmnﬂd_: it was mu:imimd.a.ta.ppcru:imaﬂr.ﬁ_s
wt % in ory-2] and gradwlly dropped to ~275 wt % in the
o3l @se

It remains intriguing to compars Figure 9 with the reslts for
tar formation from | is in the hterature
the same coal has ﬁmmd for pp:m

e cong AL V1A ISR lind Fng. v, e T4, 9, E04-200
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Figure 9. Camlated percentages of volutles ignited inigally on the
ooal partiche sorfae ot low tempenaones

&l

hi

Hgore 10. Dyramic osdation of bqoid wlaides on the ol partde
sorface at a shoter spead of 500 fps for the intewval of 2 ms beween
two adjacent photogemphe: (o) raw coal in airn, (b)) ackd-washed coal in
air, () raw aml b oxp-21, and {d) acdwashed woal in oxy-2l
Measorements were then from high-spead camesm images at 5 om
abowe the bome hase

lierature, a study of a lowash (~1.0 wt %, daf] Victorian
brown coal reported 2 yield of approximately 20 wt % (daf) for
the tar derived from the pyralysis of mw mal at 773 K in either
CO; or He at 2 heating rate of 1000 K.fs and 2 hold time of 10
at the marimmm temperature ™ Loading Matl or Call, by
impregnation reduced the tar yield to ~2.5 and 8.0 wt % (d&af),
respectively, because of the ephanced catalysis of chlorides
koaded ontr the coal ™ The similar quantity of tar derived fom
in situ photography of aw coal in this study supported the
stronger catalytic effect of the inherent ash-forming metak in
this coal However, in contrast to the obseration that the acd
'pmeuu.-d‘l.'h'l.znf‘ﬁcbm’im brown coal donhled its tar yield under
the pralysis® the results in Figore 9 indicated anly a slight
increase of tar yisld by 05 wt % upon acid washing in the oxy
26 and oxy-31 @ses Clexly, the in siin generated tar residing
on the char particle surbces is emily cacked /consumed by the
rapid oxidation in the surrounding

The dynamic release of a vdatle douwd (ie, heavy
hydrocatons) md its oddation me on the coal swface,
referring to flame propagation velocity, were alo traced by
high-speed camera on 2 millisecond time s@le The typicl
sequences ae displayed in Fignre 10, in which the photographs
were taken at intervals of 2 ms For the cxe of aw coal in air,
sequence 3, the rodlikes shape formied at the beginning of the
photographs refers to the volatiles released with 2 very thin
layer (i, small amount), which gradwlly enluged to a neardy
round sphere signaling the enhanced release and acommmlation
of tary volatle species on char surhce Subsequenty, the
volatile relezce cexmed from the sighth point, as the volitls
clond was solsly conmmied by oxidation on the coal mrticle
swfaz, leading to 2 gradual shrinking of the sz of the igniting
sprltuﬂ;dmgend::it shape back to 2 rod with 2 thinner
width referring to the char particle. The duration of this process
is the time for homogensous oxidation of the volitile dond
The acid-washed coal in air (sequence b) had a relatively longer
duratin for its volitile dowd modation. The use of @y-21 in
place of air for the comhmtion of coal either mw coal
[sequenc c) orits acidwashed residue (sequence d), inoesed
medwmﬁﬂﬁshmmrgumﬁ proess. Cuantitaive anal ysis
of the volatile oxidation duation (f, ms) and volatile mdation
rate (r, mgfs) was @misd out statistically by mnalyzing mars

s

than 100 igniting spots for each case, as summarized in Figure
11. Here, the volatile doud oxidation mate was determined as

_ ViR,
I (3

0 v Morang ignie

C3 HICI aahesd ool

iad L

024
0.1

04
_.-h'\
o

Hgure 11. Liguid wolagle onmbsastion time (ms) on ghe mal parsde
sorfare and its oombuestion mie (mgfs)

The vahe of F, for the faction of hiquid tary volatiles was
taken from Figure 9, md the ignition debay £ was taken from
Fignre 8. For all of the cases examined here, the wolatile dond
oudation times fell in 3 wide ange from ~17 & 36 ms, which s
longer than the mawimmm duration of 12 ms (on average)
cofirmed by the imaging of Pittsbugh bimminous mal
cambustion with an inensihed charge-conpled devics (ICCD)
camers,™ dthongh the ignition delys of the mal samplss
tested hers were mther mmparable to thase of the Pisburgh
omal Forthe raw coal sample, the volatile clond oxidation in adr
hsted for approximately 17 ms, compaed to ~19, ~18, and
~16 ms for oxpll, oxpl26, and oxy-31, respectively. Thes

dodalong 10 K21 000D ind Fng Twm. Ae T4 5, T0E-2008
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changes were smialler than the changes in the respactive ignition
time in Figre 42 The addition of cay to aw mal affecied the
omdaUmdm.umnfdzwdaﬁlednndmiy:d:shﬂycqu
the oxp2] @se, where the volatile oxidation dwation was
shightly redued compared with that of mw @al The acd
washing was more influential, increasing the volutle doud
onidation time (compared to that of mw cmal) by around 4 ms
for the three ases of air, oxp24, and oxp-31, and even as mmch
ullmhﬁemﬂﬂuﬂlﬂﬂﬁdﬂ:hfumﬁgw
play a pivotd il in catdysing the oxidation of the tamy
volatile doud, by acting as the oxygen-shuttling agent
The vobtile cdoud oxidtion mte derived from eq 3
demonstrates 2 low modation rate for the volaile doud on
the add-washed coa surhce ingly, the addiion of day
promoted the volatile doud oxidation mte, dthough it affected
the duration only shightly. This is doe to the enhanced amount
of volatiles on the coal particls surfac, ax discmssed before. The
extra taTy species were consumsd at the same rate as thoss
derived from aw coal pyralysis. As confirmed by ignition, the
ol umdshmﬂahobe:nﬁnﬁm&mpﬂmmg &n
nﬁﬂgo&mimﬁchﬁiilgﬂqmﬂyo&hﬂumﬂh
produced by volatile oxidation, which, in tumn, would increass
the char particle temperature and mxidation rate, leading to a
brighter top section for the fame observed in Figure 3. This is
supprsd by the cldmbtion results on the adibatic porticls
temperature of volitile cloud detiled in Figure $6 (S1). For the
raw coal and the acid-washed coal with an average amount of 2
wt % wvobtile doud on its surhce, the adihatic particls
& in air reached spprosimataly 1100 K, which was
raised to ~ 1500 K when clay wa mized with the coad. A similar
increment was confirmed in the ap-21 case
The oxidation rate of the wolatile doud and its duration in
Figures 10 and 11 for mw coal and acid washed @al an also be
ﬁudh&mwm&ﬁmmuﬂﬁgmin
Tahbl= 3. Fdhnmﬁ & fist-order reaction model for coal
in the S1), Figure 12 reveals the
nnmphunmnfnwon.id:mmzﬂudﬂmindm
air and oxy-21 cames, repectively. This & @nsistent with the
ng vales caloulated in Figure 11 The bottom panel
in Fignre 12 ako indicates 2 morimum release mie of mw codl
wvolatiles & aroamd 75 and 11 ms for air and oxy-21,
mmﬂy%x:nwmuﬂmw:
sequence for the two mw cases in Figure 10. In contrast,
the acid-washed mal released 2 modimom of Q4% of its
volatiles in 40 ms in the air and op2] cases Its volitile
relex s /oxidaion rabs was ako far lower than that of rav coa
Em:d:.:lmtbunp.‘mdnd:ﬁsmtlz] Hﬂ:a.g:m,dmm
cansed by the loss of the catalptic metaks in @al matrix For the
unreleased volatiles within the char matrix, their oodation
should oour in parallel with the ignition and oxidation of the
remaning char partide
The oridation rate messured here for the tamy specis
derived from lignite pyrolysis Sllsin the ange of L1 -03mg)s,
Mnmpﬂb&h&guﬂdﬂﬂ:mm&
approxcimatdy 025 5" in Tahle 4 This however, is
fudﬁﬂmf:mﬁxms&!mm:ﬁqﬁ and aromatic
fuels™ in Table 4, indicating the complexity of the components
in the volatile clond. Maoreover, by taking the surfics arsa of the
vobitile doud (calubsted wing the averaged diameter deived
ﬁmnF:su:eﬁ]:mmx,dmvdmkdnndomdmmm
unb-efuthudad.umdumgeﬁmﬂx 1077 to 148 = 107°

g/(em® s), which & sgnifiontly higher than the intrinsic
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Table {.Cmﬂ:ﬂ:immfm'liqﬁdﬁuhh the Literature
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mmrtrcfbawmm]ch:od‘lﬂ"—lﬂ_'sf[m %) at 1000—
1660 K Clexly, the heat feedhack from woliile cloud
cambustion is essential to promote char partick aodation. The
demineralzation of bgnite reduced both the relesss and
mMrmn&mhﬂeqmuu,whxhthumtdmﬂu

mdj:mu,aﬂ!mshthbﬂmc&xmupﬂ]mp:ﬂdmﬂu
remioval of inherent asheforming metals from the coal matric

5. COMNCLUSIONS

In this study, intensive experiments have been conducted m
the ignition and flame properties of Xinjiang (China) bgnite in
a:n":su'suctpfud @mmbustion and the i of inherent

o olorg A0, K21 ASARERE [ind Fng T, Ae D14, T, Z4-2608
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ash-forming mstals and external chy o #ts combwmtion
properties. Through the use of an FFBR coupled with admanced

rﬂdugnu wwals, the dynamic release of Bgnite volatiles
formation, ignition, and oxidation of the volatile doud; and

flams propagation have been explorsd intensively. The maar
condwsions as follows have been achisved:

(1) At a heating rate of approximately 10° K/s in the FFBER,
the ignition of the bgnite tested was triggered the

iy W?ﬁgm v&ﬂeﬁf;wnd:ﬂm

surface. Alkane speciss are awmmed to dominate the

first ignited volatile coud with an 2 ifin Emperature of

appradimately 500—600 K and an oridation mate of 01-03

myg /s Its fraction in the ©tal volatils matter acmunts for 20—

ﬁ_ﬁﬂﬁ,dgpuﬁlgmﬂ!pamo&i:ﬁﬂmtaﬂhmg
metals and esternal day.

(2) The removal of Hl-soluble metals shifted coal
acid-washed coal were released slowly. The ignition time and
oxidation duration were increased by neardy 2 fctor of 2inair
and o221, ed with mw mal The flane frmed was
lifted from the bumer base and thos msthble

ESJTMmﬁlsimrﬂdi?uiﬂideﬁmdﬂuomi
ignition onset in air and arp-2] conditions only minimally
relative to that of coal alone. It enhanced the decompoition of
volatiles, laading to 2 Lrger volatile cdoud shislding the coal
particls surhce that, in tum, enhanced the mal fome, char
particl: tempemature, and bumout mte.

I:4]Tﬂtmpsu1ﬁ=.chmmﬂu'hnﬂ:sunrmﬂnrﬂ.mm]m
the cmal ignition and oxidaion mate Increming the oxygen
fraction to 30% in the bulk gas ebiminated all gaps between raw
Hignite, its add-washed sample, and a mirture of gnite and day.
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Bhnk ga temperature profils, proedurss for coal particls
heating profile, CFD maodeling, and adishatic particle temper-
ature and coal devolatiimtion rate caloulations. This material is
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B NOMEMCLATURE

A = prefactor for el ignition reactivity, s~
C, = mh:nehtspauﬁ:hﬂtupntpn\fh&gu

F, = fraction of hyuid tarry volatile cloud on particle srfice
_;f'T:a:nu'mtnémguinmd-adb'h'mpﬂgﬂ:ud:nidﬂu
P= atm

g, = combstion heat release per mas of fuel, /g

R = gas constant, an® atm)/{mol K]

Fdoud = volafile cond axdation rats, mg/'s

= particle radius, om
r, = volatile flane rdis, m
t = time, s

T = particle temperature, K
Ty = initial & mperatur= of coal particls, K
= igniting coal particle temperature, K
‘az = Pk temperaturs in coal oxidation profils messured
by TGA, K
V, = volume of 2 single col p.'l'ﬁd_e,:rn'-'
w = density of air-dried coal, gfom’
Y, = muass fraction of volatiles in @irdried mal
Yy = initial mass fraction of fuel
# = heating rate for particles in TGA, K/'min
AV, = volatiles relegse mbe
%, = mtoignition time of fuel i 5
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Influence of inherent moisture on the ignition and combustion of wet Victorian brown
coal in air-firing and oxy-fuel modes: Part 1: The volatile ignition and

flame propagation
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Thisstudy for the first time sported the volatileigniton and axddation for wet Vicorian brown mal in both Sr-
firing and cocy-fusd modes. Theaim & o quantianwely undersand the avaporation of nhement maotsture and =
averlapping with the subsequent volatile igniton and o ation steps during, pubverised mal combusson. A wet
Wicharian brown coal sample with the moisture conent up to 30 witd and 2 sizerangs of 63-104 pm has been
tested. I ignition, wolatile flame propagation and char oxidation hawe been di optially in a
Lboratoryscle flat-flame bumer rector (FPER) aoupled with a high-speed camera. 1-D modelling was also
conducied to predict coal ignition based on the dassic ool drying theary and mal devaolati lisation rate As has
been confirmesd, the reease of moisture on the inftial drying stage isinmmpler prior o the s bsag uent valatle
ignition The fraction of moisture relmssd upon drying only acounted for 1068 of its origina anount in we
lrown ool jpriar to igniton. This i due to a firm residence of the maoisture within oal capillares, and a rapid
heat ferdhadk fiomhot gas i the dried particle surfoe that was ignied insantanesosly prior o the relase of
the remaining moisture The imevapomte] moisture was obmerved to be relezed wi th the volatiles ngetherto
fiarm a thickdoud Lyyer inthe vidn ity afthe coal partide, thensby enlarging the sizes of the v atils flame remark-
ahily, which are approxcimaiesly twice the iz ofthe drisd coal flame. Howeser, the intensity of the wet mal fame=
was much weaker than dried onal, due io the dihson efect of the in heren moisture o nthe volsls cloud. In the
mcy-fud combustion mode, the mherent moisture interreated with 005, atr-aiomic gas with a lrger spsafic
heat apacty than N, to significan iy delay the i gniton of the wet mal partdeand i=flame inens iy and prop-

agation velooty.

&30 5 Hsevier BV All mights reserved.

1. Itrosdisction

As a substitution for high-rank bituminows coal, low-rank coal has
Ireem receiving inoressed sitention from the energy and mining sedors
willl ki wide. Burning low-rank coal resulis in a high 00o emission rate
compared to that of high-rank coal In Victor s, Australia, the pulve rised
ool fired power stations provide more than 85 of the electricity need
in the whdle State. Uipon the restraint on O0. emission, there is an ur-
gent need from the brown coal industry to deploy the next gene ration
low emission tednol ogies such s oxy-fuel combuston [1). A common
Tastwre of brown coal is the presence of sbundant inherent moistwne
within its carbonaeows mar s An sicurate understanding on the {ue
ol brown coal moisture st high tem per stwres i pivotal for its bumer)
Turnace design

Taodate, the aal drying mechansm was sim plifled a5 the i tial om-
s tion siep that was separated from and had littde overl apping with

et g 0100 6] spane 200 5.07.008
0375 IDOE 005 B BV AN S ressned.

the lollowing combustion sequences. This i fundamental for wet coal
mmbis tion simulation in the commerncial computational faid dynam-
ks [CFDY) program, Fluent |2,3) The application of a shrinking-care
madel 1o study the drying behxiour of Victorian brown coal in hat
g5 has bean developed and verified [4.5). Onee baing vaparised, the
miisture was merely considered 5 2 form of external steam, creating
asteamerich emironment that is similar towet (lue gas recycle in the
ey -fuel mode |67 In owr previous sb-scale drop-tube furnace (DTF)
study on wet coal combiustion, the reduction on the temper sture of
burning wel coal partick has been witnesed, which was supposedly
due to the @nribution of steam gasiflation resction towands the char
mstrix, &5 opposed to the s am g sification from the ambiance steam
[B] In addition, & study on wet coal pyrolysis in 2 drop-tube fixed-bed
Turnace revealad the enhanced in-situ steam gasification on the nascent
char surisce |3 Following these observations, there are two types of
moistre identifled, one is external moistwre that i relexsed during
the initial drying step and the other i intemal moisture that pref ren-
dally remains firmly within the coal matrix over a longer period of
time The use of 2 Curie-point pyrolyser further revealad the promoting

Please cite this article xs: W, Prationo, et al, Influence of inherent motsture onthe ignition and cmbastion of wet Victor ian brown coal in air-
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effed of sorbed water on the transformation of axygen and hydrogen
atans into char, gaseous prodwds OO and Hy, and lquid tar, probably
via enhanced hydralysis readtions [10) Mare interestingly, aarly wark
on cod l-water slumy @mbustion revealed that, for an Amer ican lignite
Beulah-water shury droplet containing 60 wik coal and in a size of
450-730 pm, i 5 hexting upon s Bumsenbumer exhibited aninid sl tem-
peratire plyeau st - 473 K rather than 373 K forthe cise of water evap-
o st on from bitumi nouscoal-water shrry | 11 | This ws explained by a
simmltaneos moving of both water ev aporation front and therm sl fron
toweards the centre of the droplet, 25 well x5 a violent devolatilisstion of
Irowen coal even At very b tem peramures. A similar plhemom enon was
observed in another work for the combas tion of wet Victorian brown
coal [Loy Yang ) in a fuidised bed reactor |12]- At 2 hot sir temperatune
al 1043 K amd an ori ginal coal $ize of 5.6-6.4 mmy, approdimately 40T of
volatiles and 80T motsture [badk and capil Lary waters ) were released si-
miltanemesly in the first 15 5. The relessed water evapor st on is contin-
uwed, and the monal ayer andfor mulilaer water constiiutes the most
strongly held materials that are supposed o remain permanently in a
char particle. The suthors confirmed a nearly constant total burmow
time aver awide range of modsture content in coal and even a Geter
burmout rate for thechar from wet coal than from te nearly dried sam-
ple. This was hypothesised due toa greater porosity and for & greater
concentraton of active sites of the wet onal cluar, rather than water-
gasiflcation reaction tuat was considered elsewhere | 13| Surprisingly,
no rese anch was continued further to prove these interesting but con-
tradictary absery ations.

In this study, & flat flame buwmer resdor [ FFER ) amupled with a trans-
parent quartz resctor and sdvanced in-sin optical diagnosts tools was
employed toexamine the combustion dharacerstics of wet Vidoran
Irewsen ool i ot & r-firing and oxy-Tuel modes The flat flame gener-
ated from the burning of liquid fwel provided a rapid heating rate of
- 10 C/s that is comparable to that in an industrisl-scale power plant
Mareaver, a high-speed cimera with 2 maximum shutier speed of
5000 frames per second (5] was used to track the behaviour ol indi-
vidual particles upon drying devolatilisation, volstile cloud ignition
and char particle motion [8,1415) Apart from air-firing the amoy-fuel
condition was also employed 1o examine the combined impacts, if
any, of OO0y and steam on brown coal combastion characteristics. In

Exmaction
ho

order 1o furter interpret te experimental results & traditional one-
dimensional single-film model with multiple surlsce resdions was ap-
plied and its results were compared with the callected experimental
daw. A joint effort of both experimental investigation and modelling
study is expected to quantitatively clarily the role of moisture onthe in-
dhividual steps inderpinning the combustion of brown caal in both air
sl O {000 mbtures This smdy has been split ino twio pans: par |
for the study on volatile ignition and flame structure, and part 2 for
chuar o dation temperatune proflle.

2 Experiment al facility
21 Non-praeised far-flame burner reactor [FFER)

The schematic diagram of the experimental facility i ilustr ated in
Fig. 1. The resctor was operated ot stmos phe e pressune, with 2 non-
premixed flat-llame diffusion burner [ Hencken burner) that provided
aheat sowree for coal particle hext-up and comibos o The bumer is xs-
semblad from a honeyoom b matrix, consis tng of hundreds of fuel tubes
with the inter-space between these primary tubes. The burner s
equipped witha shroud ring that scts x5 a5 hield to prevent any interfer -
ende to the flatflame. The coal particle sme ams are injecied to the bum-
er through a 1.6 mm diameter tube located at the burner cenreline,
enirained with OO or air &5 the arner gas. A plezoelectnic leeder was
wsed & the part de feader 10was calibrated to provide aparticle leeding
rate o 0.1 g/min with the fixed arrer gus flow rate of @7 slpm [ stan-
dard lire per mimite) The feader has the capability of providing wet
mal with a maximum moisture @ntent of 30 Wi The mixure of
C,HH, was fed through the fuel tube xs the burmner fuel The osxidant
mnsised of amixwre of air, 00 and Oy, and was fed into the interspace
berwean the fuel ubes. The combustion chamber & sko ol s d within
acylindrical quarte-tube resctor with an inner dia meter of 115 mm
witich i also insulated by a layer of keowool with a thicknes of about
20 mim o minimise the beat oss. A portion of the i nsulstion mater al
wans ol ol at one side of the quartz resction, creating 4 window for
the purpase of visual flame observ ation and cinematography using
non-intrusive aptical disgnostics oals
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The non-prem ixed Hencken flat-llame bumer provides awide range
ol flesdbility on the gas temperature and the conde niration of O at the
pst-flame based on the chosen flow rates of the fuel and acidizer
gases. In this study, the fuel /oxidiser rato was adjusted to provide a
st flame axy gen concentr ation of 16-31 vol X, 1o examine the effea
of oxygen @nceniration on wet coal combustion, wheness the sieam
concentration remained constant st 175 vol% 1t i xssumed that the
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concent aion prafile of the species gas [0y, 00y H,0 and Ny} wis uni-
form 4t the aros secion Tiee borning of quid Tuel lased = 30 min be-
fore coal was introdwced into the reactor, to ensure 4 ste ady state
temper alure profile along the resdor height The summary of the ex-
perimental anditons is given in Table 2 The concentration of the gas-
e0ls species in the reactor wis calculsted based on the sichiometric
resctions af liquid fuel with oxygen kisum ing & com plete combustion
ol ethyleneHy vapour. The dusen fuel \mddizer low rates provides an
amibient temperatune of 1473 K near the burmer base, at the tonl gas
fhowe rate ol 11 slpm, regardless of the aoygen maole fraction. The gas
temperature along the reactor height was measured using a type-K
thermomuple and comeaed for radistion los |16) The aloulation
proddure to scoount for the radistion lass from the thermocouple is
supplied in Section A of the supporting documentation. Fig. 2 demon-
sirabes & similar gas tem perature prafile slong the resctor height for
beath Og/Me and Op /00, mixtwres under the blank condition (with no
onal flowing). The gas temperature prafiles ane similar for all cses and
therefore, have noeffect on aal ignitionand combustion under differ-
el exper mental cises.

22 Fud propenties

The mal sample wsed was mined from the Loy Yang open-cul seam
in the Latrobe Valley, Awstralia. It is milled 1o & size fraction of
63— 104 pm_ S imil ar 1o that used in an indus T ial power plani The prox-
imate and wldmate analysisof the brown wal is tabul sted in Table 1
The air-dried mal sample wis prepared by natural drying of the as-
mimed wet coal in ambient air until its molstue content remained un-
changedin the Wboratory environment The remaining moswre relers
1o the monaliyve rjirul dlayer moisture that binds atomically with the
Tumetional growps im a coal matrise For the wet onal samples, they were
prepared by mixing the de-mineralised Milli-0 water with air-dried
coal rather than drying the a5 mined wet coal to 4 certain moistwne
level. The prepared wet coal samples were placed in 2 sealed bottle
that was thoroughly mixed at a speed of 300 rpm in the rotator over-
night Thisis to ensure that the added water was Tully adsorbed into
the mal mar e The curment particle feading sysiem has 2 limited capa-
bility to supply wet coal with the maximum mosire content of
I0wLE Therelore, te wet coal samples with two moisiune contents,
22 wiE and 30 wiE, we re prepared and were identifled xs se mi-dry
and wet cod here sfter, respecively. For com parson purpose, the air-
dried ooal with 12 wik equilibrated moisture is denoted as dry coal
throughout this study.

Talide 1
P wdes odboovwm ool samphe wmed bndhis sudy.
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23 Nointnesive ins i aptol diggnostics facility

A FT000 Kikon OCD digital camera and 3 Motion Pro Y3 hig h-speed
camera from IDT lens at s shutter speed of 1000 fps were employed
for coal flame image soquisiton. The high speead camera was also fitted
with a 25 mm micro-lens for high magnification images to capture 4
Lst-transient event that happens during the initial heating and com-
bustion smge The capured images were analysed using an open-
SUFCe image proesing software, Image-]. 1o obtain information re-
garding coal flame length ignition point burning particle size and par-
tde velocity.

The images captured with the digital camera were analysed
statistically to quantily the coal flame length and the length of three
mmbuston seps, pre-igition, homoge neous vol atile oxidation and
heterogeneous char combustion regime as visualised in Fig 3. As can
e see n, the volatiles relexs ed rom the coal particles bum after 2 certain
distande which is called pre-igni fon s1age here Such & stage i 5 hinvn x5
the yellowest, blurred doud with a very weak intensity reflacting the
heat-up of 2 particle and the relesse of volatles and/or molswre. Once
igmited, the relexsed volatiles form a continwous fireball with the stron-
gest intensity captured by the camera The igniton point relers to the
bottom bowndary betwesn pre-ignition and volatile oxdation stages
The detailed ignition of coal particle s was further olserved by 2 high-
speed cimera ot & shuter speed no less than 500 frames per second
(Tps). To maximise the number of particles captured by the high-
speed camera, the sensors gain was set to + 6 dB and the exposure
e was et 1o arownd 380 s [14). The homogeneous ignition was de-
fimed &5 the round of nearly round, bright spots observed in the fleld of
the view [FOV) al the high-speed camera, due to de release and resi-
dence ol volatles on the particle surfae. In contrast, the heterogeneos
ignition of char refers 1o the bright rod-like spots which have few vala-
tles on the surlse | 14) Back to the 00D cam era picture in Fig 3, the lu-
minous, thick flame Tollowing the ignition point and enveloping the
dioud near the burner base signifles an intense relexse and homoge-
neous @mbustion of volatiles relessad from the coal pyrolysis which
i supplies heat feedbad toignitethe char particles. The remai ning

1500
——21% O/, (air)
o —a— 21% 000,
—a— 31 0,00,

Cios Tempermre (K)

1100

Residence Time (ms)
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length ol the flame, with the less luminois region shove the volatile ox-
idation regime, relers to the char oxidation region. A 5imilar analysis
method has also been described elewhere [17]

The trajeaory and transformaton of individual partides, including
particle velocity, coal ignition point, and valatile doud size, were
tracked with the high-speed camera The images were (aken af the
first 1 emy 5 omoand 10 om above the bumer base. The particle ve locity
warh cabeull ated by messring the displacement of the same i ndividual
particle betwesen two adjacent frames, taking 2 1 ms time interyal be-
tween the consequent lrames lrom the capture speed of 1000 (ps. The
detailed methods to calculste the partick velocity have been desoribed
previously | 14| The averaged paride velocity profile slong the reactor
lengtl is given in Fig 4 The sverage particle velocity in an ay-fuel at-
masphare is slightly lower a5 OO, has & higher density than N, A
sharp inmesxe wis observed for the particle velocity in the initial
SOmm height, which is mainly due to 2 rapid heat-up and expansion
of the primary gas that entrains coal particles intothe hot secondary
a5 The particle velodty is stabilised afterwards.

The particle ignition point and valatile cloud size were measuned
fram the kigh spead camera imuges by using Image-] Compared with
the digital camer s the high spead camera is capable of capuring indi-
vidhual particles, and therelore, the images aested provide acourate in-
formuation regarding the coal ignition point. The ignition point was
mexsured from the bumer base to the first point where the igniting
bright spots were abserved The ignition time, volatile axidation and
char oxidation time were calculsted by dividing measured lengths
with the aleulsted particle velocity st their respecive haight. Note

35
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u 2
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Position (mm)

Fig 4 Caboalaed| o g pardc wilociny of debad aned wier coall

that, & low particle feading rate of ~0.1 g/min was used throuwghout
this study 0 ensure the observaton of single partides with minimd in-
erferene between one amother.

1 Mathematical Tormula tion

To i nterpret thee pe imentally observed coal particle ignition stage,
mumerical modelling through the e of a forward difference method
and psewdo-ode slgorithm, a5 demonstrated in Fig. 5 were employed
to solve the differential equations for particle heat-up, drying and
devolatilisation that are three key regimes prior to particle ignition
The equations jor these sub-steps are presented in the bllowing
serTions.

A1, toal drying

The receding wet-core dry-shell model from Ml ntesh |4,5) was
wsed to calculate the coal drying time by Egs (1) and [2). For the
pulverised coal <100 wm, this model assumes 3 constant drying rate
st i sl to the i tisl drying rate of 3 non-shri rking water droplar

MC = MCy[1—af) (1

wivere MC and MCp are the present and i nitisl mots iire contents within
the ool man i, respectively, [ i the drying timerequired to schieve the
P esent modsture conent and i is amempircal constant expressed as:

- ﬂ”:Tu _Tn:l

Hip | MCald
(1 4 MCah

2}

wivere h = convective heat transfer melficient, calculsted based on a
Musselt mumber of 2 for pulver sed coal @mbuston | 18], and the prop-
erties of gas mixres were calculated based on the Wassil jewa's equa-
don with Maxon-5 mens formulstion | 19), T, = g emperaire, T, =
ol wet il tem pe ratwne, Hy i the e hest of VAporsation, f. &
the density of wet coal and d particle diameter. The wet-bulb tem per a-
e of hot gas, T, is a function of amibent g& temperature and is et st
360K for an sverage hot gas tem per sture of 1200 K in dis study.

32 Coal devola d lisation

The coal devaolatilisation i modelled by a single kinetic rate made]
that disumes & flrst-order reaction rate |20) where the volatile relexse
rate is proportional tothe amount of volstiles reles sed and ex pressed
3

- aen (S

wilbere Vis the present mass of vol tiles remaining and V™ & the indti sl
vaol atile amount. The kinetic dam for the Arrhenius form of the equation
was determined from & thermo-gravimetric analyser. For Vidorian
browncoal studied here, the volatles can be asumead © be dominated
Iy light hydrocarons of which CHy i the major component |21 )

311 (pal partcle hal-up by energy balanae
Dhurifeg e particle heatup stage. the particle sbsorts et fom the

hot gas a5 well xs rad iation heat from the fumace wall The partide tem-
perature was esimated using the fol knving energy balance equation:

s ST — BAT-—Ty) + e0iAy (T4 —T2) + Qi )

witare i, is particle mas [kg). & b the heat capacity of 2 caal particle
(klkgK L and h is the @nvedive haat 1ansler coefficient calailsted
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Fig. 5 Ciloulasion pre st 1o Ssmsnmine the oo of wet ol memee s apoaeion.

msuming aNussel number of 2.7, is vl ltem peratue [ T73KL T s gas
temperature meaxsured with & thermomuple, £ is particle emiss ity
(8) and «ris Stelan Bolzmann conSAnt. Qs refers to heat loss by
maisture evaporation and devolatil Sation.

Regarding the ignition point prior to cosl volatle combustion, it @r-
responds o the time required for 4 coal particle to reach the stage
where its relexsed volatiles have a local concen ration equalling its
Nammability. In 2 numericl simulation approach, sucha dme includes
the shove-mentioned partide hest-up, drying and the relesse of vols-
tiles Once released, the volatiles are sssumed 1o ignie instantneously.
Fig. 6 depicts the alalaed muss loss proflle of 2 dried coal in the air-
firing mode, upon tee variationof the particle drying exent to demon-
straie Ivow the vol atile release time and local partide tempera e e
alfected. The muss o4 derivative o445 on the right hand side. depicts

Walghi Lo %]
T
i
Torsper durm (K1

|- -1 Dm-EIT

TR 6 Mol o ST e B el il e e e el o vl of e
dinyligy e ate i o Caboalline conall gndshon Time.

the fir st-order deriv ative of particle weight kesover time The s ming
point that defines the stan of the devolatilsation was derived from
the sharp increxse in the dervative graph. In Fig & the turming poins
al 102ms, 11 msand 12ms x5 the kgniton time versus the drying ex-
ent of 30K, 658 and BIX was inchuled, respectively.

4 Results and discusion

4. I Experimental o bservation on flame strudure and ignifion
cha racteristics

The representtive images lor te combuston of three coal samples
i air are viswasl sed in Fig.7(a), wheress in panel [ b) the adal g tem-
e aire d Screpancy mexsined betwean coaloom s don and the blank
e without the leeding of coal particles is s hivwn As demonstrated in
jpanel [ &), the flame fromthe combastion of dred coal has te lirgest in-
ensity, wiverexs the boundary between different stiges is rather vague.
This is anindicator of an intense burning of dried Vicorian brown coal
due to its high reactivity, &5 has been @nfimed previowsly 15,22
The existence of moisiure in the coal matrx danged the flame pattem
remuarkably. The semi-dred coal exhibits a clear boundary between i
e -ignition stage md vol st le llame front Such anigniton delays hould
e pardyor entrely sttribwted o the evapora tonof moistune within the
mal paride The flame observed also has a much weaker intensity than
that observed for the dried coal The wet coal with 30 Wi moistwe
within itformead dee weakest flame The bright flame for volatile oxids-
tonobserved lor theother two 2 mpl es w.as exting i shed 55 well Panel
() highlights the gas temperature prafiles for the thres coal samples At
the hueght ol 50 mm which is the closet location 1o partide ignition lo-
cation, the mexsured gas i mperatur e for wet ooalcombustion is - 150K
lowwer than the gas tem perature mexsured in the presende of dred coal
ol tion. This further strengthbened the above llame olservation that
the volatle flammability was greatly reduced by the presence of the
abundant modsnie with the wet coal
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Shifting e combustion atmasphere 1o axy-fuel mode resulted inan
elongated coal flame with a remarkable decrease in its intensity, irre-
spective of the moisture content in coal As demonstrxed in Fig. 8(a),
the flame formed for dried caal in 16% O dilued by CO; exhibied the
longest length, due to the large specific heat capacity of CO: for heat
sink impact | 23], and a slower diffusion rate of Oy in a CO,-rich
atmosphere. Thecombustion intensity was enhanced upon the inaease
of axygen concentration in CO, For the axygen concentration of 31
Vol the flame luminasity was found bearing a stranger Intensity
thaninair, which should be caused by an enhanced rate for the hetero-
geneous axidation of char particles. Similar resulis were olserved for
the ambustion of semi-dried caal in oxy-fuel mode in panel (b),
whereas its flame ingersity in each case isweaker than the dried wal
under the same condition. The flame length is ako longer than the
dried coal which is another strong indicator of a low combustion rate
including ignition for semi-dried coal For wet caal in panel (), its par-
ticle ignition was unsiable and extinguished in the 16% 0/CO, The
flame observed was also detached far away from the bumer base, sub-
stantiating a significant delay by the evaporation of added moisture
prior to particke ignition. The flame stability was gradually improved
by increasing the oxygen fraction © 31% Nevertheless, the flame was
stll unstable and lifted up from the burmner, the pattem of which akso dif-
fers distinaively from both dried and semi-dried coakk Fig 9 illustrates
thegas temperature discrepancy between a blank caseand the combus-
tion of a coal sample under the oxy-firing made. Here again, the gas
temperature was measured at the height of 50 mm. Similar 10 the
trend repared in Fig. 8 the gas temperature for wet coal combustion
is the lowestin each axygen concentration, which is only 20-40K hotter
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Rg. 8. Repoecent ove images of She flame sTractare captumd with SRl cameq in axy-
Sl combuszion case for (a) dred coal P) semi-dried coal 2o () wetcoal

than the blank gas. Obviously, the endothermic evaporation of coal
moisture reduced both particle and gas temperatures significantly.
Upon the increase of oxygen content in flue gas, the gas temperalure
discre pancy for dried coal was gradually ramowed down. This s due
1o an enhanced ignition that resulted in a quicker completion for the
wmbustion of dried coal particles. On the contrary, the upward trend
for another two coals indicates that the oxidation rate of these two
wel caals af elevated axygen concentration is still not fast enough to
catch up with its dried coal unterpart.

Following the classic combustion theory which defines drying asthe
initial stage to be accomplished completely and separately prior 1o

199 [ Dred coad
160 [T Wt coal
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16 & 0n002
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Sor drledt and we't ool samipies bn oty 2l ce.

Please cite this article as: W. Prationo, et al_ Influence of inherent moisture on the ignition and ambustion of wet Victorlan brown coal in air-
firing and oxy-fuel modes: Part 1, Fuel Processing Techmology (2015 ), hitpy/dxdolorg/10.1016/) fuproc 2015 .07.008

247



ARTICLE IN PRESS

W Prnghan eal | Rl Pocessing Technalgy e {200 5) jee-xex 7

devolatilisation and ignition, the lame formed Tor wet coal should be
identical with the dried coal in terms of flame intensity and shape,
with the exception of a longer pre-ignition stage to sccommaodate
time for theevaporation of inherent mots iwee witiin the particle. More-
aver, the steam generated (rom te evaporation of oal moisture showlkd
e swept rapidly into bulk gas s interference o the sulsequent vols-
tile and char axidation i thus negligible, 5 the musimum amount of
steam derived from coal motsture scooumnts for only 003 g/min, based
o the coal leeding rate of 01 g/min wsed here This is equivalent o
00 slpm of extra steam contributed o flwe gas which constitues -2-
25 slpm ol steam derived from the liquid Tuel com bustion. Qearly, the
akore-mentoned plenomens canmol be ex plained by sudh  dxssic the-
ory based om a conseqitive sequence for individwsl stepa. Fig 10 further
depias the durations of the thres steps lrom parid e gnition o vol atile
combaustion and char osddation, calculsted based onthe statistical anal-
yaisof =100 flame images obtained from the CCD camera For the igni-
tionduration shown inpanel (), its dhange s trivial upon the shift of a
cnal sample from dried 1o wet, which scounts for 2-4 ma The substitu-
tiomal Oy\00, mixneres for aif namowed down and even dim inished the
discrepancy i the ignition between e thies coal sampleg, i espective
ol mygen fracion in dee bl k gas_ This indicates an overweighing e fea
ol OO0, over the inlerent mosnre on coal ignition in the oxy-firing
made Regarding the duration of volatile combustion in panel (b al-
thiugh the discrepancy between three coal ssmples s negligibde in
air, an enlarged gap upomn an increase in the moisiure content was oon-
firmed for all the oxy-firing cases That is the wet coal posesad the
longest duration than its Mo COURTErpans in any oxygen fradion The
similar phenomenon wis anfirmed for the char oxddation stage
shown in panel () Apparently, the steam created from the ev jporation
ol coal moisture partially or even fully resided in the vicinity of 2 bum-
ing ool particle, whdch in twm exerted a remar kable impsct on the ox-
idation duration of bothvoladles and char particle.

4.2 Comparison of ecpenimenind alservations on wmal jgnidon with model-
ling prediction

Back to Fig 7, thelength ol the yellnwishsegment in a flame refers to
the initial flame front for @al volstile ignidon which is compased of
Mo e evaporation and volatile rele xse The high-speed camera ob-
servation was further @nduded to acurately capture the ignition of
coal particles [ie. bright spots in the fleld of view of a camera) s0 x

—— D] coal
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Tagarian i ma )
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Air g2l Ong26 Oxy3l

B &2 P cemBPBY cenprHE

v st (gl

R 18, Comparion of S combession Sme for ol coal samples in al combesson ces:
{a} igmibinime, (B) whise time, and{c} char Hme

o determine the distance and dme for coal ignition_5Subsequendy, the
results were compared with the modelling prediction to quantify the
fraction of moisture evaporated prior o the ignition of 2 coal particle.

Fig 11 demonstrates hivw the moisture evaporation extent alleas
e igniton time of 4 coal sample, sccording © the numerical approadh
Irrespective of de indtial moisure @ntent, the ignition time of 2 coal
jpar ticle inae ases proportionally with the incresse on the evaporation
extent of moisture . This is due to the fact that the drying Eq [ 1) and
[2) used describe a linear relationship berween the moisture evapora-
ton rate and the required drying time By matching the ex perimentally
measured ignition time with the prediction curve for 2 mal sample, one
can then quantily fue maoistune evapor sion extent consequently. Fig. 11
ilhustrates the matching resulis for the sir-firing case. from which one
i Feveal the evaporation of approsimately 30, 20% and 10% for the
moisture out of dried, semi-dried and wet coal samples, res peaively.
These results substantisted an inmmplete drying prior to partdde igni-
ton In other words, the coal drying step and de volatil isation signifi-
camly overlap for the wet brown coal sample studied here Such a
o usion i not surprising and broadly agrees with the observ ations.
in the combustdon of wet biown coal in the fuidised bed reaaor [12)
In addition, the descending trend for the mol sture & vapor sion extent
from dried to wet coal indicates the enapsulstion of the majority of
the inherent madsture in the igniting wet caal partcle Thiscan be ex-
pained by a slow maotion of the moksture evaporation front towarnds
the core of the wet coal particle, due to less heat feedback gener ated
from i 5 igniting sur (see. Conse quently, the unevapor sted moisiwe re-
siling inside coal paride has les oppormunity 1o eScape

The substitution of OO for Nz to dilute oxygen i suppsed to aflect
litthe on coal particle drying time, becruse the molar thermaal comd uctiv-
ity af these two gases are identical InEq.2, the teermal condudivity is
the only property of a bulk gas allecting the motsiure evaporation A re-
view paper on pulversed coal combustion |24) has slo substantisted
this smement In this sense, the igniton delsy upon shifting air to Oy
D in Fig 7(a) s mainly caused by the large specific heat capacity of
0z and any other factors that are not related to the wmal drying step.

Fig 12 plots the measured ignition times for the oxy-fue] combus-
ton of three coal samples versis the predicded values The drying time
i OyM00y wrs flxed the same s in airin the model_ The dashed airve
in a pane] denotes the parity line for the match between mexsurad
and the respective prediction valwe. The air- firing results were akoin-
duded s reference. Compared to the air-firing points (4 ling on parity
limes, the axy-fuel results deviste remarkably from the parity lines For

Ignition tme, s
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& e it D006 ra i thee wet cod Wi undenesti matad the mast, whene-
a5 e dng the oty gen fradion in 00 narmowed down tee disae pan-
cy berween prediction and the mexswremenl. The i gnition of dried and
semi-dried ooa lin 31% 000, was prediaed saissaorily, i indicated
by the: indi gniflcant gap between the ex pe rimental points and the parity
line. In contrast, tee gap i stll rather large for the weel ooal igiton in
31X 0. Apparently, apart from the Large specific heat capacity of 00,
that his been incarporated ink the madel, thers ane i few extra (08
that megate the wel onal ignition under oxy-Tue ]l mode. The first isthe
decreased llamumabilicy and ignition potential of volatles on particke
surlace, due 1o tee sl teration of volatile com position and Conoeniraion
biythe dihution efectal 000 and steam Secondly, the relexsed steam has
the potentia |t pash the volatile flame front owwards ssay Inom the
peartiche surbaae, which im num provides less heat lesdbsck for the con-
tinieation of particle combistion Thindly, the possibility of the emndo-
thermic resction resul ting from char-steam gasiflcation resdion on a
char surlsce redudes particle temper sture. Andther probable e xplans-
ton i e different volatile axidation mechanism in axy-Tuel mode, a5
this s alrexdy been clarifbed in the literawre [25)

43 Influence af moishre o coal voladle mrhistion

Fig. 13 il hustrates the dynamics of dried ooal volatile i gition and the
mdtion of igniting & particle in air versus the oxy-fuel mode with 213
and 31 Ox balanced by 0o In the upper panel for the sir ciie, the
dried b ool particles we e confliimed to ifmde quick] y once pass-
ingg the flat flame Lver, emitting & 5 trong radisdve heat from its surls e
in the FOW of the high-speed camera The appearance of Llarge bright
Apots surrmunding the igniting partdcles isa direa sign of the relexse
aned Tormation of vol atile ame and its preferent al residence at dve par-
ticle vidnity, the same b5 thatolserved for the comibustion of the same
sl inthe drop-tube fumase | 14,15 A portionol the bright spots such
¥ e one cycled in the left hand of the dashed line AEa possess b long
trace, which is the indicator of 2 violent relexse and eruprion of volatiles
wpsny the provision ol he st keedback from the buming of the previous
vorlatikes relexsed The relased volstiles were bumi gr sduslly, changing
thesokd parddelnom a dncularshape sithe stan o2 thinnod- likesha pe
with weak radistion intensity, x5 demonsTated by the LSt spot Dl ling
af the right end of the dxshed line The change in the pamicle shaps
wias attributed tothe change in the particle velocity a5 well as the re-
lexse extent ol vol atiles. The residence of volatiles on the particle surla o
induced the lormation of avolatile cloud which possesses a circular
ihanpee and mov e sl iy due po the budyance Tor e, wher eas the gr adual
consumplion of the volatile clowd resulted in the expoune of a solid
char particle in the bulk g whidy moves [ast in the ROV of the high-
ipead camers |14] Bxed on this snalysis methadalogy, the volatile
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g 1. Rejesens e images of dried coal captred near e bemer Base

ipddaton of the traed partide in air was und 1o be sommplished in
Smi

With the substtwtion of air by 2 1% 0./00. the igndting coal spols
were much thinner and less populsted in number density, &5 shown
in the middle pamel in Fig 13, The gniton tme for a lumingws spot
wes also longer than 5 mi &8 suggesed by the livde change on the
shape of & traced particle along the dashed line The rexsons for this
can be attributed 1o the larger specific heat capacity of O0: than Nz
and the slower axygen diffusion in 00, A sk ignition of the imitally
relexsad volatiles induced the provision of less heat fesdback 1o the
ool particle, widdy in tum reduced the coal devolat lisaton rate. By in-
arexsing the oxygen fraction from 21¥ 1o 31X in 00, more spherical
spiits wiith & thick volatile cloud Lyer were produced demomnstrating
the enhancement on partide ignition and volatile axidation in the
ygen-rich environmentl The bottom panelin Fig 7 illstaed this
e nomenon. Maoreover, oompaned Do the sir case, the volatile clouwd
ko imed it 3 1% 020000 & rather simall TS B i indication that the val -
afile 5 consumed rapidhy A simultaneois osxidstional vols tles and char
partides has been reported for the combustion of Victor an brown coal
in the axygen-enniched environment |23 |

The progress of wel ooal iEnition i 5 even moreinriguing, which &il-
lustrated in Fig 14 For the relemence bir cre, the ign ing wel ool ap-
pears x5 Larpe spots with i long trace of 2 vol atile cloud oom pansd to
the dried coal. Such evidence strongly supports our hypothesis that
mdETune & vaporation and volatile relexse overlapped remarkably in
the wel coal case It abo proves the aacuracy of the predioon resules
in Fig. 11, where the majority of the moisiure [ -30%) wis prediced o
remuain in the wet ooal matrix alter ignition. A similar phenomenan
wid observed for the wet ooal in 21E Ou000y shiwn in he middle
panel af Fig 14 Companed & the dir-firing case, b sow i gition and a-
idation of volatiles in 2 1% O0u/00: induced a slow evaporation of the in-
herent mosture A a resull, the majority of ignitng parmides are
préssenit &5 circular $pots inthe ROV of the camera, relative 1o the sbwun-
dande of rd-like spots fordried @l in Fig 13(b). The thidk vaolatile
donnd a0 remained onthe pard desurbsee lor & relatively long duration
Inay easing axygen frsction 1o 31X in00: intensified theaxddation of the
vl i e clonid, and therefare, miha nead the madsShine Svaportan raexs
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249



W. Prtiona et al | Fusl Poorsing Teohnalogy soor {2015) xo00 =00 g

L
2% 0N,

I |
Fiase IIH n"

2t

3% 000,

Bl

Fig. 14 Represeniatie images of wet coal captured near the burner hase.

well. Consequently, the igniting particles are maostly present as md-ike
shapes with a larger width than thoee observed for dried coal in the bot-
tom panel of Fig. 14,

The statistical quantification results for the shape distribution of
bright spots are further summarised in Tahle 3. The droular shape
with acircularity range of 0L8-1.0 corresponds to the solid char particles
thatare emveloped fully in the volatle cloud; the semi-circular shape in
a range of 0.3—{L8 refers to the slight deviation caused by the wolatile jet
trace along the moving direction of an igniting particle, whereas the
non-circular shape <03 corresponds to the rod-like moving char parti-
cles with fewer volatiles on the surface, undergoing hetermgeneous ox-
idation on the surface. For the dried coal, shifting the bulk gas from air to
2120,/00; increased the number percentage of the semi-circular spots
with along volatile jet on the surface Thizreflects the ignition delay and
slower volatile combustion in the 00y-rich atmosphere. Upon the in-
crease of ooygen fadion to 31X in 0y, the population of semi-
circular spots was decreased whereas that of the droular shape wasin-
creased to the lewel close to the air case, as expected. Compared to the
dried coal, the semi-dried and wet coal =amples had a noticeable in-
crease in the population of semi-circular spots, particulady under the
oxy-fuel mode. This is also reasonable, as the coal volatile ignition and
oxidation were delayed considerably under these cases, as visualized
in Figs 13 and 14

Fig. 15 summarised the measured size of the volatile cloud and its
distribution for all three coal zamples in air and oxy-fuel modes. For
each given bulk gas environment, one can see the enhanced volatile
cloud size of semi-dried and wet coal in place of the dried sample. In
air, the mean volatile cloud size reached approximately 1400 pm for
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Fig 15 Memured valati = doud size for all cml samypless in the adalcentre line afthe FRIR
farthres different bulk gxes

the dried coal sample, which was twenty times that of the original
coal size, showing the prevalence of volatiles on the particle surface
| 26]. This is reasonable as Victorian brown coalhas alundant volatiles,
which make it wery reactive com pared to other coals. The use of semi-
dried and wet coal samples further increased the mean volatile cloud
size to ~ 1600 pm, which echoes the co-existence of volatiles and a por-
tion o fsteam derived from coal moisture on particle vicinity. The subst-
tution of 21% 000 for air educed the volatle clowd size for all the
three coal =amples, eflecting the slow devolatilisation mte in this bulk
gas. The interesting phenomenaon was observed when increasing the
Oz content to 31% in OOz All three zamples exhibited similar cood
size. This is reasonable, as the drying time for 10% moishure only @kes
approximately 2 ms in a hot Aue gas with a temperature of - 1273 K,
asconfimned by the drying model used in the litemture [4.5). The vio-
lent oecidation of volatiles in 31% 0y should provide 2 much faster heat
back to the core of the coal particle for the eruption of moisture and
the volatiles remaining inside.

5. Conduson

Forthe first time, this paper has provided in-s 0 observationson the
ignition and volatile flame propagation during the combustion of
Victorian browm coal inboth air-firing and oop-fuel modes. The brown
coal zamples with a moisture content of 12-30 wt ¥ was burnt in a
flat flame bumer at a heating rate of ~10° K, with 16-31 vol % ooygen
in the bulk gas. The major conclusions can be drawn as folowes:

1. The evaporation of moisture for the drying of Victorian brown coal is
incomplete prior to particle ignition. The drying extent only acoounts
for 31%, 20% and 10% for the air-dred coal, semi-dry coal and wet
coal, respectively. This is mainly due to a guick release and ignition
of the volatiles on the dried coal patticle surface. The remaining
moisture was released with volatiles together, forming a thick cold
layer on the particle surface.

2. The co-release of moisture and volatiles affected the composition and
Aammahility of volatile compositions on the particle surface. This
played a combined mle with the large specific heat capacity of C0,
to significantly postpone the volatile ignition in oxy-fuel mode. For

Table 3
Partide shape distritartion in adr, 215 0,/00, and 315 0,00,
Shape desariptions [cinoularity range ) Adr-drisd coal Lami-dried amal Wt emal
Aar Thoy-21 hoy-21 Aar Oay-21 hoy-21 Aar They-21 hoy-21
Circular [08=1.10) 5% nia ras B0 2574 2543 HES LEF 3484
S <arcular [L3-008) S5 Ly e s1m S5 G545 sy S5 Ma L
Mion dinoular (<0L3) 221 L] 134 TER = 410 I35 A0% 126
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the wet coal with 30 moisture buming in 21%0; balanced by C0s,
its ignition delay reached around 10 ms, which is also far lamger
than the model prediction due to achanged composition ofa volatile
and mechanisms governing its ignition in 00, The percentage of O
in bulk gas has a more overweighing influence than the negative ef
fect of OOy and coal moisture. Increasing its fraction to 31% greatly
narrowed the gap of coal volatle ignition time between air-Aring
and omoy-fuel mode.

3. The volatile cloud size of wet coal particles was significantly larger
than the dried sample, due to the co-release of moisture and volatile
together. Increasing the oxygen fraction to 3 1% in either Mz or OOy
eliminated the discrepancy of volatile oxidation duration beteeen
dry and wet coal =amples, due to an intensified heating of coal parti-
des in the ogygen-enriched environment
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This paper i the second part of the study to ol anfy the influence of modstene in Vidoran brown coal ao-fuel
combustion, with a fears on char oidation and gasification reaction throwgh exper ime ntal and mode lling efforts.
An in-situ high-speed two-oolour pyrometer with the wavelength band of 085-1.05 pm was employed to

E‘?E;" :ﬂii';i measure particle temperature in the flat flame burmer reactor. The @mbustion stage of carbon particle was

simulated for the transient phenome na with particke heating and radiative heat transfer. The multiple surfsce
% - reaction single-film approach, including char-0., char-00, and char-staam reactions, was employed and the
Ouy-fued comins san contribution of i ndividiwal reactions to carson consumn pion rate was de ol ned v amatdhing with the measured
Wt Vicharian baown aal particle temperature_|mespective of the | nidal molsowre content, te extent of char-steam gasification reaction
Imheren t maistue was found to acount for - 15% in the air-firing case_ This reaction was mai nly triggered by the extermnal steam

Char-steam gxifimsion rection in the reactor, rather than the inhe rent modsore that resided preferendally as volatile clowd on char partdcle
surface. The mmbined effed of both char-00y and char-steam gasification was stignificant in ooy fuel combus-
tion mode, especially for the wet coal In the ay-21 case, these two readions have a total estent of arownd B
and 1EE on the burming char surface of dri ed and wet coal respective e The char-00, gasification s ins gnificant,
becuse the char particle tem peratune was low. I easing the aoygen percentage to 31 in OOy enhanced the
total extent of these two gasification reactions to 28%, based on the mas of total arbon Such an extent ks com-
parable with the lite ratwre. However, the steam gasi fication rate forbrownooa | duar was far higher, ~ 285 rel adve
1y~ 1 fior bl gh-raankt Bituemnd neones oo | repeorted inthe literanure. This substantistes the strong steam gas ification
reactivity of Wicton an brown coal duar. The contributionof | nherent mod stwre to clhar-steam g asfication reaction
ts arwclal in the combustion of wetcoal in the aoy-21 @se, soomwnting for - 10 This is due to the long residence
of the unevaporated s&.am as a thick clowd on the char surface. Increasing the aoygen concent ation in O0: en-
hanced the char-0, reaction, the rele ase rate of volan les and inherent motsiene. There fore, the char-ste am reac-
tion caused by the i nhere ntmass ture withincoal matnx was minimised and eventu ly diminished in the @oy-31
case.

L2015 HBsevier BV All rights reserved

1. Introduction

Cogy-fuel combustion is a promising low-emission technology that
can be implemented in the short term to mitigate the carbon dicedde
emitted from the stationary poweer plants To date, most of the imest-
gations forused on the combustion on high-rank bituminows coals
| 1-6]. The test of Victorian brown coal, which is abundant in moistune
| 7].in oxy-fuel mode generates abundant steamin the fumace, due to
the recirculation of flue gas. Wall et al has pointed the necessity of the
imvestigation of steam dilution in cgy-firing furnace |l In our previous
lab-scale drop-tube furnace [DTF) study on wet coal combustion, the

ey id i g 101006 jFuproc 300 507 009
0 37E-ZEND 2015 Eleevier BV, All rights reserverd

reduction on the temperature of buming wet coal particle has been
witnessed, which was supposedly caused by the contribution of steam
gasification reaction towands the char matrix as opposed to the steam
gasification from the ambiance steam 9] In contrast, another stdy
on brown caal [ - 102—-60% moisture) in fluidised bed showed no change
on the char oxidation regime with increasing the moisture content in
brown coal, as the moisture has been suggested to fully evaporate
prior to the beginningof the release of voatles |10). A clear and gener-
alised view on the mogy-firing of Victorian brown coal has not yet been
reached.

Numerous approaches on the CFD modelling have been conducted
for coal oxy-fuel combustion [11,12]. Our previous modelling waorks
has sucoessfully utilised multiple reaction model, including char-Os,
char-C0; and char-steam in the CFD to predict the brown coal burning

Please cite thisarticlke as: W. Prationo, et al, Carifying the influence of moisture on the ignition and combustion of wet Victoran brown coalinair-
firing and cxcy-fiel modes: _ Fuel Processing Technology (2015), http:/fde doiorg/10.1016/{ fuprmc 2015.07.009
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temperature profile and carbon burnout in a drop-tube furnace [13]
One-dimensional modelling approach using SKIPFY [Surface Kinetics
in Porous Partickes) has also successfully darified the effect of 00y and
steam gasification reaction on the oxidation of bituminous coal char
| 14.15]. These modelling apprmaches utlised traditional combustion
model where coal is assumed to be completely dried prior to ignition
and there is no overlapping of individual steps including mois ture
evaporation and volatile release ignition. Cearly, this is not the case
for the cogy-firing of wet Victorian brown coal that has been observed
in flat flame burner reactor |16] and in drop-tube fumace [9]

This paper is the second part of the study on wet Victorian brown
coal combustion in flat flame burner reactor that employs a similar
heating rate with the industrial bailer | 16]. Complementing to the first
part focusing onthe ignition and volatile oxidation, this paper aims to
assess whether the inherent moisture affects char oxidation rate and
particle temperature through char—steam gasification reaction As has
been clarified in the first part, the inherent moisture is only partally
evaporated prior to volatile ignition; whereas the remaining moisture
and wolatiles are co-released as a thick could layer on the char surice,
which is supposed to increase the local steam partial pressure and
hence trigger the char-steam gasification reaction This is different
from the previous studies in the litemture where only the external
steamin flue gas has been considered.

2. Experimental set-up

21. High-speed infrored pyrometer for coal parficle emperaure
MeEsurEment

The coal z=amples and the flat lame burner reactor (FFER) for coal
cambustion have been detailed in part 1 |16]. For char particle temper-
ature measurement, a Kleiber-GmbH high-speed infrared pyrometer
K5-740 L0 was installed next to the observ ation window along the
quartz reactor onthe FFBR. The pyrometer captured signal at the ate
of 5 MHz with the linear voltage output of 0—-10 V.1t has the capahility
of measuring the surface temperature in the mnge of 1073-2573 K.
The pyrometer is operated at the wavelength between 085 pm and
1.05 pm to avoid the interference of the 00, and water vapour [17],
which are abundant in oxy-fuel atmosphere. The emissivity of the
pyrometer was adjusted to 08, based on the suggestion from Baum
| 18] The data was captured using an osdlloscope and data acguisition
instrument The measurements were taken at the reactor height of
50mm and 75 mm above the burner base. These two distances chosen
refer to char oxidation stage with the frst distance 50 mm for the
simultaneous volatile and char oxidation and the second distance
75 mm for char cocidation alone.

3. Mathematical model

The modelling of singe coal partice combustion here was modified
based on the previous model described in the literature [13,18]. The
code employed only Boused on one-dimensional trangent cakculations.
The gas mixture propertes, induding thermal conductivity, heat
capacity, viscosity and densitywascaloulated using the Wilke's Midure
rule and Maxon—5axena formulation, comesponding to the statistical
calision theory | 19].

3.1. Modellng approach

Cpal particles undergo mpid heating once being introduced to the
furnace. The heat transferred to particle is driven by the convection
from hot gas and radiation from the surrounding volatile flame as well
as radiation from the furnace wall, which has the potential to increase
particle temperature in the magnitude of -10° K/ The transient
model of single spherical coal particle with a diameter d, immersed in
the hot gas of temperature T,, was used to simulate its combustion

behaviour. The following sub-models were applied in sequence, drying
maodel, devolatilisation model and finally char cxidation model. The
former twohave been detailed in part 1| 16], whereas the last one is
detailed belone

3.1.1. Char madetion maodel

The three heterogeneous char surface meactions, as listed in
Reactions [1}-(01} were assumed to oocur with first-order global
Arrhenius rates.

O+ 12000/ 00 n
C + O0D=200 ()
C + HA= 00 + Ha. (o)

The mate of char burning is described using the multiple surface
reactions’ kinetic-diffusion single-film apprmach, assuming that the
abovelisted multple reactions occur in a frozen boundary layer at the
particle surface with no gas-phase meactions. This model has been
proven to work satisfactorily for the combustion of puleerised coal
lessthan 100 pm in diameter | 20]. For the combustion of particles larger
than 100 pm, Mitchell suggested that the comversion of 00 to C0z in
boundary layer is non-negligible [ 21]. 1t has also been postulated by
Law that the characteristics diffusion time is normally negligible for
the droplets less than 100 pm in diameter | 22]. In other words, the
droplets less than 100 pm in diameter are too small to support the
existence of a gaseous flame on itssurface Therefore, it is safe toassume
thatthe frozen boundary layer assumption can beused in this numerical
study. The char combustion rate can be written as

P P, " .
g =t . +-|i'—|- (1

j"fﬂ ja'ﬂ k.'f kﬂ:f k.'i kﬂ:i

k=A exp(—%) e
L7y A75

ks =1':2|FL"_TJ i)

od 2g )

With k. and kyare chemical reaction rate coefficient and diffusion
reaction rate coefficdent, respectively. The chemical reaction rate
coefficient is expressed in an Arrhenius form with A being the pre-
exponental Botor and E as the activation energy for Reactions (1)-[11]).
The intrinsic kinetc parameters for Reactions [1)-(lll}] am
obtained from thermo-gravimetric analy=er [TGA] measurement. For
Reactions (1) and (11], the TGA experiments were cond ucted at different
heating rates (10-50 K/min) for devolatilised char in both air and pure
0y (grade 5) atmosphere, which have proven acourate in our previous
work [13,23.24].

Far the char-steam gasification Reaction (111}, it is considered to
include two reactions for wet coal combustion, one being induced by
the external steam in bulk gas and another one oocurning within char
matrix that is triggered by the internal moisture remaining ‘permanenthy”
after volatile ignition and those produced from the pyrolysis of coal.
Due to the abundance of hydrogen and oocygen, Victorian brown
cod pyrolysis results in the yield of 5-15 wit¥ steam in the products
| 25]. Such a steam is non-distinguishable from the remaining moisture
after the drying stage. The kinetic parameters for steam gasification
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were obtained from a geam-injected TGA at a heating rate of 40 K/min,
with steam concentrations of 5% 10% and 20% balanced by nitrogen.
The resulting datasets were analysed using a Coats—Redfern method,
shown in Eq. (5], by assuming a first order for the carbon-steam
gasification reaction [26]).

mﬂ AR E (5]

=Ine=—==

7~ TEE R

With xis charconversion fraction, Tis temperature [ K), R is universal
gas constant, JFis heating mate, with A and E as the kinetic parameter for
steam gasification. The variable g(x) is the algebraic expressions of
function of the common reaction mechanisms in solid-phase reactions.
The assumption of the frst order reaction yields the expression of
Elx} = —In (1 — x). The kinetic parameters were caloulated by plotting
the graph of I 3-1'_ﬁ|-1.er5|.15 1/T, as shown in Fig. 1. The mte constant of

36 10° 5 " and activation energy of 206 k| /mol were chosen for the
Victorian browwn coal studied here. The steam gasification kinetic mte
used in this study is also comparable with the kinetics data for lignite
steam gasification used in the literature, which are also far more
reactive than bituminous coal [27-29)], a5 demonstrated in Fig 2. In
generdl, the steam gasification reaction for brown coal is significant
with the reaction temperature exceeding 1000 K.

3.1.2. Particle heat-up

The coal particle tempermture profile in the fumace was calculated
byusing an unstead y-state energy halance Eq. (6] shown below, consid-
ering both radiative and conwvective heat transfer beteeen particle and
sumounding gas.

dT, ) )
m,c,d_:=m,¢r-—r,] +map|:r,.*—r;;| + Hign (6

wherem, is particle mass [ kg), cp is the heat capacity of coal particle
[k]/keg-K), R is the convective heat transfer coefficient caloulated
assuming Musselt number of 2. T, is the wall temperature (772 K], T,
is the gas temperature measured with thermocouple, £is the particle
emissivity (0L8) and or is the Stefan Bolzmann constant

The term Hy, is the total heat generated /released from the
Reactions (1}-[1W]). The heat generated from char coidation reaction
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Fig.2_Comparison of measured g ifiation rase with other brown oals available in the
liberature | 24-26].

3.2 Mumerical calowlaion procedure

The =eries of differential equations to describe the transient change
in particke temperature were programmed and solved numerically
using MATLAR. The particle tem perature and char cedidation rate wene
calculated using Euler's method, as shown in Eg. (7] below. The ime
step chosen was determined based on the trial and error method to
ensure that the solution stabilizes. A pseudo-code algorithm shown in
Fig. 3 has been developed to solve particke temperature histonyg.

) L iy
}'lt+ﬂtl—}'lt3+dtxm- iy
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Experimental canditians)

I
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was cakculated from the amount of 00,00, produced. The ratio of Paricia temperature
C04/00 production at particle surface was determined based on the 1
coefficent suggested by Arthur |30]. Caloulate gat prog
th, Gy G, 2
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Fig 1. linear plat of Costs-Redfern method for Loy Yang mal to determine the kinetic
paameters for its char-steam gasification rae.

Fig 1 Schematic of the numerial proedure apphisd to determine the oontrimtbion of
gasification reaction.
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4. Results and discussion

4.1. lnfluence of moisture and char-Hz0 gasification on partide temperg
ture in @r-finng cose

Fig. 4 depicts the tem perature profile for the burning coal particles in
the air-firing case Irrespective of the original moisture content, maost of
the burning char particle tem perature falls in the mnge of 1373-1520 K,
which is approcimatety 100-200 K above the sumounding gas temper-
ature at the respective location. This measurement is consistent with
our previous study on the combustion of the =ame coal in drop-tube fur-
nace|9,13]. The temperature gap between burning brown coal partice
and sumrounding gas as ohserved here is also slightly lower than that
observed for bituminous coal, which was found to be 200400 K3 ]
For the dried coal zample, its temperature distribution at 50 mm hasa
peak at around 1120 K, with a considerable fraction larger than
1433 K With the reactor distance extending to 75 mm, the peak tem-
perature was kowwered to ~ 1373 K The fraction for the particle hotter
than 1433 K was also decreased. The wet coal partide has a lower
peak temperature than the dried coal at a same reactor distance. [ts
peak temperature is centred at 1373 K for both two distances; and
less of hot particles above 1433 K have been observed. This is another
direct sign of the *permanent’ residence of inherent moisture on char
matriz, which negated both volatile oxidation and char consumption
over a long duration.

Considering that the emaining moisture was released with volatiles
together to form a thick doud layer on char surface, itis hypothesszed
that such a thick doud layer may increase the partial pressure of
steam in char vidnity so as to trigeer and/or enhance the char-steam
gasification reaction consequently. The brown coal has been proven
highly reactive for such a reaction from 1000 K omerards, as shown in
Fig. 2. Momeover, considering that a direct measurement on the partial
pressure of steam derived from remaining moisture and pyrolysis of
codl is implausible, we did not diferentiate the teo different steams
during modelling. Instead, we simply vared the partial presure of
steam in the model to reveal the sensitivity of the change on char parti-
cle temperature. The prediction results are depicted as lines in Fig. 5 for
the combustion of both dried and wet coal in air. The disance of 75 mm
was chosen here to avoid the interference of volatile combustion which
iz not fully Anished at 50 mm. For both samples, the char partice
temperature drops quickly upon increasing the extent of steam gasifica-
tion reaction on the char surface. The dried coal particle temperature
reaches 1523 K for the absence of char—steam gasification reaction.
Honwever, it drops to 1273 K upon a contribution of 67% from such an
endothermic reaction to the total carbon bumout. For the combustion

5Q
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i —&—Dimied_Tinzm
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T T T T T T ——7
1350 1380 Lalid 144 1470 1500
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Fig. 4 Distritastion of mezmurad char partide emperatuneof dried and wetonal in adr.
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Fig 5. Method to determine the contribution of steam gaxifi@tion reaction in ar-firing
e

of wet coal, its particle tem perature without char-steam gasification
reaches only 1448 K, which is around B0 K lower than the dried coal,
due to evaporation of coal moisture that in turn reduced the amount
of heat fed back to char particle. In Fig. 5 the pyrometer data were also
added on the respective prediction curve, as rectangular booes with its
length representing the variation of the particle tempemtures mea-
sured. Clearly, one can conclude that the extent of steam gasification
reaction reaches 14-17% [median 15.5%) for dried coal and §-20%
[median 14%) for wet coal respectively. Considering that the median
extent for such a reaction is wery close for both teo coals, it is safe to
conclude that the inherent moisture in wet coal contributed litle to
char-steam gasification in the air-firing case, although it co-exists
with volatiles to form a thick doud on char surface. In other womds,
the partial pressure of steam in volatile cloud should be very low, or
the residence time of wolatile could is very short, therefore, them was
little opportunity for the char-steam reaction to take place on the char
surfaces In addition, it is noteworthy that, the char-C0; gasification
reaction was also included during the modelling for the air-Aring case.
It was however found insignificant with the contribution of less than
~1%. This is due to the low partial pressure of 005 [ ~15 wl%) and a
lowr gas temperature in the reactor.

4.2 Combined effect of char-Hy0 and char—00, posificotion reacbon in
ooy fisel mode

Fig. 6(a) and (b} shows the measured buming char temperature
profile at 50 mm and 75 mm for ooy-21 and oxy-3 1, respectively. For
dried coal in cogy-21 ca=e in panel (o), a noticeable fraction of hot parti-
cles with temperature above 1413 K has been confirmed at the reactor
heightof 75 mm, which is opposite against the trend that is ohserved
in the air case where more hot particles are present at 50 mm. Thisis
due to the delayed ignition in oxy-21 case which in turn postponed
char combustion stage. The similar phenomenon was confirmed for
the wet coal particle temperature profile in oop-21. In oocy-3 1 case
shown in panel (b, the dried coal has a peak temperature of 1373 K
and a rather narrow distribution compared towet coal at the reaction
height of 50 mm. This is mainly due to a faster combustion of the
dried coal which even oorumed before 50 mm for a concument ignition
and oxidation of both its volatiles and char in the elevated oxygen
concentration. With the reactor height increasing to 75 mm, the gap
between two coal samples is narmwed, indicating that the combustion
for wet coal is even close to the end at this distance.

Maod elling work was conducted to compane with the pyrometerdata
to quantify the impact of the endothermic gasification reactions. Due to

Please cite thisarticleas: W. Pmticno, et al_ Clarifying the influence of moisture on the ignition and combustion ofwet Vicbor an brown coal in air-
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the co-existence of OOy and steam, both char-00; and char-steam
gasification meactions could oocur concurrently on the char surface,
which in tum reduces the char particle temperature significantly.
Apparently, these two reactions could also affect each other. To assess
the significance of each gasification reaction, the modelling was first
conducted by only considering the char-00; gasification reaction. In
other words, the char-steam reaction was switched off in the model.
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Fig. 7. Predicted] char particle temperature for dried coal and wet coal 28 75 mam at aop-foel
cambusian @se with the consideratan of char-C0, gxifiation reaction ONLY. Theex:
tent of char-{0: reacton is shown above the prediction bars in the figure.

Fig. 7 demonstrates the predicted particle tem peratures for both dried
and wetcoal s=amples in the three cogp-fuel cases, at the reactor height
of 75 mm. The experimentally measured data were inchuded for com-
parison. In addition, the numbers in parenthesis on the prediction bars
refer to the extent of char-00; gasification reaction that was deter-
mined by the molar mtio of this reaction to the overall reaction. rre-
spective of the moisture content in ooal, the contribution of char-C0;
reaction was relatively low, reaching 26-289% and 6.17-7.68% for
oxy-21 and oogy-31, respectively. This is much lower than -20%
ohserved for the bituminous coal at the coygen concentration of 27X
| 28]. Again, this can be due to the low flue gas tempemture used
throughout this study. Moreower, one can see a large dizagreement
between the measured particle temperature and its prediction, particu-
lafy for the cooy-26 and oxy-31 cases. In both cases, the temperature
predicted is far higher than the measured vale, irrespective of moisture
content incoal Clearly, the char-steam reaction is more influental than
the char-C0; reaction for the oxy-fuel combustion of Victorian brown
coal, either dry or wet. This can be the case, as char-steam gasification
reaction for Victorian brown coal reaches 166 = 105 5~ ' at 1000 K,
which is 1000 times higher than the char-C0; reaction at the same
temperature.

Fig. & demonstrates the influence of char-00; and char-steam reac-
tions for particle temperature in the omoy-21 case. In Fig. & the predicted
particke temperature was plotted as a function of the total contribution
of these two gasification reactions at the reaction height of 75 mm, and
the pyrometer data were added on the respective curve to match the
predicted value From the match between the pyrometer data and pre-
diction curve, the extent of each gasification reaction was further calou-
lated and plotted as pie chart next to the respective pyrometer point. For
the combustion of dried coal in oxy-2 1, a total contribution of gasifica-
tion reactions acoounts for only 8%, with 5.53% for char-steam reaction
and 2.35% for char—-C0; reaction. The extent of char—steam reactionis
obviously low compared to that in the air case shown in Fig 5, where
the extent of char—steam reaction reaches 14-17% for the =ame coal.
This should be attributed to the large specific heat capacity of 00,
which cooled down the particles dramatically. For the wet coal combus-
tion in 21% 0y, halanced by C0,, the total contribution of - 18% from the
two gasification reactions was observed, which was approcdmately 10%
higher than that for the dried coal in the same bulk gas. In addition, the
total gasification reaction contribution for wet coal in oogp-21 case is
close to the air-finng case as shown in Fig. 5 Oeary, although the igni-
tion delayand lowerchar particle temperature are expected for the wet
coal, the exira moisture within it increased the partial pressare of seam
in the char particle vicinity. It thus enhanced the char-steam gasifica-
tion reaction extent to a level that is comparable with the external
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Fig. & Contritartion of char-(0, and char-seam gasification reactions for dried mal and
wet mals in moy-21 @se.
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steam inthe bulk gas. The influence of pyrolytic water on the ohserved
discrepancy between dry and wet coal should be negligible here, based
on the assimption thatits content is independent on the maoshre con-
tentin coal.

The contribution from two gasficabon reactions is more influential
upon the rise of oxygen concentraton. As illustrated in Fig. 9 for the
o y-26 case, the extent of char-steam gasification reaction was in-
creased to 17.4% and 22 2% for the dried and wet coal, respectively.
This iz attributed to the increase in the reaction rate for the ecsthermic
char—Ck reaction which in tum improved the char particle temperature.
Muaoreover, compared to a discrepancy of about 11% for the extent of
char—steam reaction between the dried and wet coal in oxy-21 case,
the gap was narrowed to about 48% for the coy-26 case. Apparently,
compared to the intemal steam derived from inherent moisture, the
extemal steam in bulk gas has acomparable and even larger mlein trig-
gering the char-steam gsification in the cog-26 case. This should also
be due to the enhanced char-0; reaction that led to a rapid release of
the internal moisture out of char matrix The COp gasification is still
insignificant in the oogy-26 case. This & because the char particle
temperature is still fairly low, which, unless reaching 1600 K, hasno
potential to trigger the char— {0 msification reaction for the Vicdtorian
brown coal studied here [13].

The enhanced char-steam gasification reaction was further
confirmed in the ooy-31 case, as substantiated in Fg. 10. The extent of
char—steam gasification reaction reaches 26.6% and 26.55% for the
dried and wet coal sam ple, respectively. The gap bebaeen baro coal sam-
plesis negigible, strongly supporting an insgnificant role ofthe intemal
steam [derived from the inherent moisture and from pyrolysis) on the
combustion of wet coal in cogy-31 mode. The char-steam reaction was
merely induced by the external steam inthe reactor. To reiterate, this
is due to a rapid release and escape of the inherent moisture from
char surface. The high-speed camera imaging results in part 1 [16]
support such a hypothesis.

Table 1 depicts the summary on the contribution of char-C0; and
char—steam reactions for both dried and wet coals in the ooge-fuel
cases with the coygen concentration increasing from 21% to 31% in
0 inchiding some of the literature study related to bituminous coal
for comparison. To reiterate, the contribution of char-C0y reaction
hereis appradmately less than 3Xin all cases, and no significant change
wasohserved with increasing cooygen concentration Such a valueis loer
compared to the literature results. The char-C 0, gasification acoounted
for -15% for sub-bituminous and bituminous coal burnt at around
1773 K in lab-scaled combustor [14.31]. The numerical study of wet
recycle of bituminous coal in oxy-fuel combustion also confimmed the
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contribution of char-003 and char-steam gasification as -21% and
7.5% in the case of 24¥ O balanced by C03 |15]. Instead, the char-
steamn gasification reaction was found more influental for Victorian
brown coal tested in this shudy. For either dried or wet brown coal, its
contribution increases upon increasing oxygen concentration in the
bulk gas, maching about 26% for both coal samples inthe woy-31 case.
Such avalue is obviously higher than that reported in the numerical
study reported earier for bituminows coal [15]. This is due to the abun-
dance of alkali and alkaline earth metals in brovem coal that can catabyt-
ically trigger the char-steam gasification from 1207 K onwands |32]. In
terms of the extent of char-steam gasification reaction, the discre pancy
between dried and wet coal samples is noteworthy. It is as broad as
approcdmately 10 in the oxy-21 case, and is gradually narrowed
down to only 5% in ooy-26 case and insignificant at the oop-31 case.
Such a discrepancy is mainly induced by the et moisture in the wet
coal, which formed a thick doud on the char surface in the oxy-21
case The lowest coddation of volatiles and char in the oxy-21 case
caused a bong duration of the evaporated steam in the char particle
vicnity. Consequently, the char—steam reactionwas triggered. Incmeas-
ing the cooygen concentration in bulk gas enhanced the mlease and com-
bustion of wolatiles, which in tum fastened the emption of inherent
moisture with few residing on the char surface to trigger any exta
gasification reaction. The similar phenomenon was confirmed for the
air-firing of wet coal [9]

5. Condusons

A Hencken flat-flame burner was used to study the combuston of
wiet Victorian brown coal in air-fring and oog-fuel modes with 21-
31 vol % oxygen in the bulk gas. A two-colour pyrometer was used to
measure burning char particle temperature; and the results wen
compared with 1-D modelling considering all the surbce reactions in
char particle vicinity. The major conclusions can be drawn as follows:

1. Imespective of the initial moisure content, the extent of char-steam
gasification reaction was found to be -1 5% in the air-firingcase. Such
a reaction was solely triggered by the external steam in the reactor,
rather than the inherent moisture and pymlytic water that has
been fully released prior to char ceddation stage, which has littke
imterference on char consum phion rate

2. The combined effect of both char-C0, and char-steam gasfication
was significant in ogy-fuel combustion mode, espedially for the wet
coal. In the ooop-2 1 case, these two reactions have a total extent of
around &% and 18¥ on the burning particle surface of dried coal
and wet coal, respectively. The char-C0, gasification is insignificant,

Pleasecite thisarticle as; W. Pationo, et al., Clarifying the influence of moisture on the ignition and combustion ofwet Victoran brown coal in air-
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Table 1
Summary of the (0 and Hx0 gasification rearton evalushed in this study compared with lberaure data | 14.15.28].
Came sudy Cinal type Facility Temperaure (K] Gas atmos phere Paticlesize (pm)  Contribation of
gasification (1)
@3 H:0
This study Diried brown aal Flat flame burner 1372 215 000 =158 H0 63-104 FL] 52
312 000 =158 H0 1 -]
Wt birowm mal 215 000 =158 H0 18 161
312 000 =158 H0 as 2
Hetch et al (312)  Biuminous coal SKIFPY 1-0 programme 16580 Diryrecyde {140 Hy0 =241 0,000, 100 ny kL]
Wt recycle (253 Ha0 =241 Ou/00: n 74
Kim et al.{ 2004) Sub-bituminous cod  Fle flame burner 1700 21000 75106 153 -
30 000 155 -

because the char particle temperature was low in this study. Increas-
ing the mxygen percentage to 31% in OOz enhanced the extent of
these bwo gasification reactions to reach 28% hased on the mas of
total carbon. Such an extent is compamable with the literature. How-
ever, the steam gasdfication rate was far higher [-26% compared to
~10% in literature) substantiating the strong steam gasification
reactivity of Victorian brown coal char.

3. The contribution of inherent moisture to char-steam gasification
reaction is crucial in the combustion of wet coal in the oooy-21 case,
accounting for ~10%. This is due to the long residence of the
unevaporated steam as a thick doud on the char surface. Increasing
the oygen concentration in OOy enhanced the char-0;z reaction,
the release of volatiles and inherent moisture, and hence, the char-
steamn reaction caused by the inherent moisture was minimised
and eventually diminished in the ooyp-31 case
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Computational Fluid Dynamics Modeling on the Air-Firing and
Oxy-fuel Combustion of Dried Victorian Brown Coal
Jian Z}'um‘g.+ Wirhan l'-‘rm:h:lru:r,+ Lian Zhang,f'* and Zhongxiao Zhangt

TDePan:ment of Chemical Engineering, Monash Univesity, GPO Box 36, Clayton, Victora 3800, Australia
*Institute of Thermal Energy Engineering, Shanghai Jiaotong University, Shanghai 200240, China

ABSTRACT: The numerical modeling of the combustion of air-dried Victorian brown coal in 0y/N; and 0y/CO; mixtures
with 21=30% O, has been conducted via the use of computational fluid dynamics {CFD), ANSYS FLUENT 130, with the
refined weighted-sum-of-gray-gases model (WSGGM), the single-film model with multiple surface reactions (Le, char-(h, dhar-
COy, and char-H,O) for char particle, and the refined two-step mechanism for the oxy-firing of methane to mimic the volatile
oxidation The purpose of this study i to verify the experimental observations in a hib-scale drop-tube furnace (DTE) and to
promote the underganding on the details underpinning the combustion dharaderistics of Victorian brown coal, the youngest
coal in the world and the single largest source for power generation in Victora, Anstralia As confirmed, the modeling results
show good agreement with the experimental measurements on the partide temperature, coal ignition delay photographed by a
high-speed camera, carbon burnout rate, and paricle velodty. The air-dred Victorian brown coal bears an extremely high
reactivity for devolatilization and char-O; and char-CO; reactions. The inherent moisture in coal was released with volatile matter
simultnecusly rather than as that prediced by the CFD wet combustion module for pulverized coal with surface moisture.
Increasing the secondary gas temperture greatly mamrowed ooal ignition delay cansed by the substitution of 21% O, balainced in
C0y for air. At the furnace temperatures of 1073 and 1373 K, the contribution of char-CO, to coal burnout reached
approximately 10 and 25% in the oxy-fuel mode, respectively, which, in turn, reduced the coal particle temperature by a
maximum of 300 K. To achieve an identical flue gas temperature with the air-firing case, the use of 30% O, in CO, is essential.

However, the radiation heat flux match can be achieved by the substintion of 27% O, in CO, for air.

B INTRODUCTIOMN

The large quantities of greenhouse gas emitted upon
industrialization have been camsing significant global dimate
warming. A vadety of carbon capture, utilization, and storage
(CCUS) technologies have been under development for the COy
mitigation in both short and long terms.* OF those, oucy-fuel
combustion & one of the most promising options that can be
retrofitted to exsting air-fired power plants or in a purpose-desgned
oxcy-fired system With the buming of coal in a mived gas of pure
oucygen and redroubited lue gas (RPG ), oxy-fuel combustion delivers
high-purity CO, in flue gas that can be sequestered divectly*
Extensive studies on both lab and pilot scales have pointed out
the pronounced influences of gas shift from air to 0,/CO, on
coal combustion characteristics and pollutant emissions. The
distingt specific heat capacity and density of CO, relative to M,
alter the fhie gas mass flow pattem, ve]ocj:ygaﬁ]g and heat-
trarsfer distribution in an oxy-fue furmace.™ The increased
concentrations of CO, and water vapor substantially increase the
emissivity of flnegas and, hence, theradiative heat transfers in the
furnace ¥ In terms of coal ignition and char burnout, a noticeahle
ignition delay has been confirmed in 0,/CO, in comparison to
0, /N, with the same O concentration” The high concen-
trations of COy and water vapor have the potential to lower the
gaseous diffusion in char particle vidnity and even trigger char-
CO, and char-H,O gasification reactions,'™!" which, in turn,
affect the char bumout rate, its polluant emissions, and ash
slagging/fouling in a complex manner.'*** To date, extensive
studies have been conducted for the oxy-fuel combustion of
bituminous coal, sub-bituminous coal, and Euwropean lignite,

w7 ACS Publications  ©003 Ametcn thmical sodety

reaching a conchision that a typical oxygen concentration of
18=35% in COy is essential to match the fame temperature and heat
fluncin the air-fired system. It is also argued that the matching osxygen
level in an oxy-fuel flame should vary with the operating conditions,
induding coal properties and wet /dry flue gas recirculation.*

Apart from experimental investigation, computational fluid
dynamics (CFDY) modeling has been widely employed to darify
the medhanisms underpinning the ooy-fael combustion phenomena
and to optimize the design and configuration of a coalfired burner
and furnace.™"*** To improve the CFD prediction accuracy on
oxy-fuel combustion, efforts have been made extensively in the
past 5 years, which mainly focused on the following three aspects.

Radiation Models in CFD. The radiative heat transfer in an
oxy-firing furnace is supposed to differ from the air-firing boder
remarkably, because of the abundance of CO, HyO, and
different H,0/CO, mtiosin flue gas. The weighted sum of gray
gases model (WSGGM), originally proposed by Hottel and
Sarofim,'® was used to caloulate the total emisdvity as aweighted
sum of jth gray gases and one clear gas. The air-firing modeling
results by Smith et al™ were widely used, which were also
employed in ANSYS FLUENT. However, the spatial variations
in the mean H,0/C0O; ratios within the flame are supposed
to vary widely and even beyond the mnge of the WSGGM
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parameters. Becauze of this consideration, a refined WSGGM has
been developed,”™" which is applicable to both air- and cy-
firing a5 well as to both gray and non-gray gass. The model
extends its applicability to cover a broader range of parameters,
0001 =L < 60m, 0,001 = PL £ &0 atm m,andSﬂDSTlSIﬂJ K,
and includes broader conditions to accommodate the variation of
the molar ratio of HoO/COy in an oxy-fuel flame. The new
modeling results have witnessed a significant difference from the
model by Smith et al, in paticular at large beam length under
oxy-enriched mode. Similarly, Erishnamoorthy developed
another new WSGGM from the emissivity curves based on the
correlations in Perry's Chemical Engingering Handbook to cover
the HyO/CO; mbo ranges of 025=067, 067=15 15=233,
and 233=4"*" The model was also proven more accurate in
terms of matching the experimental data. Furnthermore,
Johansson modified another WSGGM applicable for the ratio
of H,0/C0, from 0,125 to 20

Char Oxidation Model in CFD. The single-film char
oxddation model i mainly applied to predict the char partide
temperature and burnout rate in the air-firing fame. As for ocy-
fuel combustion, the existence of devated CO, and/or H,O
levels in the fumace has the potential to trigger the endothermic
gadfication reactions on the char surface, which, in tum, lower
the partide temperature while improving the coal burnout rate.
Using the surface kinetics in porous particle (SKIPPY) code to
compare to the burning coal E-a.rtjc]e temperature measared by
the pyrometer, Hecht et al™ have darified the remarkable
contribution of gasification on char consumption at the O,
concentration of 12% in CO,, whereas its significance was
reduced for 36% O, diluted by CO,. Clearly, to improve the
predictive accuracy of the particle tempermture profile, the
multiple reactions on the char surface have to be incorporated in
the CFD} model, as conducted in the literature >

Homogeneous Volatile (Gas) Oxidation Model in CFD.
During the pulverized coal combustion process, a large quantity
of hydrocarbons derived from coal volatiles burn homogeneously
in the gas phase. For the oxy-firing case, the hydrocarbon gas
oxddation could be inhibited by abundant COy, which, in turn,
leads to a dmamatic increase in the concentration of carbon
maonoxde (CO) at flame temperatures. The experimental and
CHEMEKIN modeling investigations™ have been conducted at
atmospheric pressure and 1200=1800 K to darify the effect of
the direct chemical reactions of CO, on methane oxidation.
Upon the substitttion of COy for Ny, the CO concentration
profile has been reported to increase to 1000=3500 ppm relative
to the stablized level of 0=1000 ppm in N, at the temperature
above 1400 K. In comparison to the above-mentioned
asessment on the fandamental chemical reactions, the updated
global mechanisms of methane oxdation have been suggested to
be more useful for CFD modeling, such as the refined two-step
mechanism by Westhrook and Diryer (WD and the refined
four-step mechanism by Jones and Lindstedt (JL),*** which
have been proposed and fully validated.

This paper aims to apply the modified CFI codes to the oxy-
fuel combustion of a low-rank brown coal (Le., ignite ) in alab-
scale drop-mbe furnace (DTF). In comparison to the comven-
tional one-dimensiona modeling for the lab-scale DTF, where
partide Reynolds rumber i generally assumed amall enough to
ignore the partide slip velocity, the three-dimensional CFIY
maodeling i beneficial for providing the information regarding
the trajectary and temperature for individual coal partide sizes. It
is also easy to be coupled with a variety of submodels to describe
the impacts of mther complex factors on coal ignition and the
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combustion process, eg, the greenhouse gas radiaion heat
transfer, as mentioned abaove.

The brown coa exmmined is named Vicorian brown coal,
which iz the single largest source for power generation in the state
of Victoria, Australia With the inherent moisture content up to
70 wt %, Victorian brown coal has a notoriously larger carbon
emission rate than the high-rank black coal and natural gas. As a
continuation of our previous feasibility studies on experimental
jnvﬁtigaﬁm,',']_'u this study aims to establish a mature CFI
code for the unique IXTF constructed in our iboratory, to verify
the experimental observations achieved for the combustion of
Victorian brown coal in both air- and oy-fuel modes and to
further explore the unknown transport phenomena goveming
the combustion of this low-rank coal. Owr focus here is the dried
WVictorian brown coal, which has yet to be understood completely
compared to the as-received wet coal that has being burnt in the
industry. A prior drying to remove the inherent moigure is
primarily important and most practical to improve the
combustion efficiency for Victorian brown coal. Its integration
with either an existing air-fired system or a purpose-desgned oxy-
fuel boiler has been deemeda step-change process to mitigate the
carbon footprint of Victodan brown coal in the foreseeable
future. Moreover, apart from the use of the modified CFI¥
modes, the novel methods for the CFDY data interpretation have
been proposed here to quantitatively examine the varation of the
coal ignition point and flame temperature with the coal particle
size and flue gas temperature, as wel as the ignition delay upon
gas shift. The results here are expected to shed new light on the
combustion charadteristics of dried Victorian brown coal in both
air- and oxy-fuel modes and its difference to high-rank
biturninous coal.

B EXPERIMENTAL SECTION

Victorian Brown Coal Combustion. The coal smple tested is a
Victorian brown col, namely, Loy Yang, with a sze mnge of 106—153 pm
(meam size of 130 jim ) and air dried prior t we. As tabulated in Table 1,

Table 1. Properties of Victorian Brown Coal

Victorian brown coal

Prommate Analysis
e store I:')a, ar) 1ol
ash (%, db) A0
volatile (%, db) S0l
fized carbon (%, db) A
Uitimate Analysis
C (%, db) G549
H (% db) &7
N (%, db) LT
5 (% db) as
spedfic energy (gross dry, M kg) pLE]
readion kinetics raw ool washed coal
(1) Devalailization Rae
pre-exponantid coeffident (57') S8 10 192 10"
activation energy (k] /mal) 1727 152 ¥
(%) Char Owidation Rate
pre-acpanantia cosfficent uz4 00014
(kg mE s P
activation energy (K] /mal) A06 GE5
(3) Char Gasification Bate with COy
pre-apanantiad coeffident L5 3 12659
iks mr s P
activation energy (k] /meal) 1255 1950
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Figure 1. Schematic disgram of the DTF. Reprinted with permission
from ref 32, Copyright 2010 from the American Chemical Society.
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Figure 3. Grid independence test for 125 000, 231 000, and 482000
cells drawn in the DTF geometry, which shows predicted axial gos
velodity profiles at radia] positions with different heights in the 1073 K
furmace without coal feeding, Panels a, b, and ¢ are 0.1, 0.2 and 04 m
dﬁmﬁwnt]'b:ﬂn]:injncw: tip, rcipﬂ:ti\':]y.

the air-dred lrown coal has the moisture content of 10 wit %, which
reaches its equilibrium state after being exposed to the air for several

weeks On the drisd moss basis, the volatile matter content is com

to fived carbon. The devolatilization, char (), oxidation, and char €Oy
gasification reactions ocour Bt for the coal tested here. The kinetics of
ciml devolitiliation and char surface reactions were mexsured by 2 non-
imﬂ}mﬁgmmwﬂﬂuhﬂﬁr@mv ing fram 10 to
50 K/min ina t]'bmm:g:\l:i:mt:i: anahywer fT’G&S]ﬁmMIzu,ﬂJH}.

A bb-scale DTF with a detailed schematic in Fism!lwasuedﬁn
coal combustion experiments As detailed elaswhere ' the Femace i
2.0 m long and consists of six heating section s with the cme length that
are controlled individually. A tubular quarts reactor consisting of two
layers with inner diometers of 50 and B0 mm wes desgned for
experiments. It is fitted at the top with a piezoelectric coal feederand a
water-cooled m]emwﬂmmwus]y:nhudu.oe ﬂaa]puﬁr]ﬂ:imﬂb:
inner chamber. The combustion s, namely, secondary s, s
introduced fom the bottom of the outer chamber of the reactor, i
heated to the fumnace temperature during pasing of the outer tube, and
then mixed with coal and primary gas at the top of the chamber. In
comparison to the conventional D'TF, in which the second gas remains
cuH]:cr:'ur w:rn.il:ingwiﬂ'l uaﬂpum,ﬂummﬂl}mm:is nrppmﬂlw
meﬂui:ﬂmu{sxpﬂuaﬁgmnﬂ@ﬁﬁm%ﬁz,ﬂu
submﬁmtfcﬂzﬁnﬂzmqplnaﬂemtpwduaﬁlgm for the
bulk gas, which, in tum, affects coal partide heating and its ignition.

For each run, coal was entrained by primary air and fd at a mte of
approximately 0% g/min. The temperature of the fumace wall waskept
at 1073 or 1273 K. The fluxes of primary and secondary gas were set a5
1.0 and 9.0 L/min fcuu}_, respectively. The average cxygen content in
ngﬂvﬂ:ﬁwﬂllwmhdmmdh:ﬂaﬂzwcﬂ}
Apmtﬁwnﬂusmp]hsd”mﬂnmﬂmbmt,imasjnsd’ﬂxngigﬁﬁm
and propegation was alss taken during experiments. The flame
observation holes with a diameter of 20 mm are located at five levels
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Figure 4. Experimentally measured (dots) and predicted centerline gas
temp erature ng} profiles at the DTF firnace temperature of 1073 K
wh]umtun]fudh‘rg.?mkamﬂbmﬁnﬂanﬁ&ndwﬂumt
the fimst two heating, zones, respectively.
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on the firnace wall, a5 shown in Figure 1. The buming coal E’ﬁde
temperatures were also measured, wing a two-color pyrometer.”

CFD Modeling Approach. The commercial CFD software, ANSYS
FLUENT 130, has been employed to predict coal combustion in the
DTE. The submodels chosen and the other methods incorporated into
FLLJENT m:miﬂﬂdﬂmm.

DTF Geometry and Grid. The modeling geometry was created by
the GAMBIT 2.4.6 preprocessor based on the size of the DTF fumace,
ailhmtrated in Fig;luelﬂ.g’idinde]:ﬂulﬂiumtm first conducted to
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Figure 5. Concen trations of Hy0 and COy in DTF and the comparison
of g mdiation charcteristics of air- and cxy-firing modes in DTF,
predicted though the refined WSGGM*'** Panel (2) was the predicted

:mnpln:itim ]::ruﬂa allm;t]b: DTF centerline in 1273 K of fumace
R}ﬁnﬂuwﬁ]gxmm:ﬂ verss beam length and () for the
effe ctive alsm]:!ﬁm coefficent versus beam ]::nsﬂ'n.
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elucidate the minimum cell number in a grid to ensure the accurcy of
maodeling results and least caleulation time. As demonstrated in Figure 3
ﬁnﬂtepwadicbedgaﬁ-]:}mcu:ia] velocities a5 a function of mdial
postions heights, the grid of 231 (000 celk yielded almost the ame
results as the grid with 482 000 cells It was thus selected and wsed
throughout this study.

Flow Model. For the gas flow pattemn in the hb-scale DTF, Figure 4
:Wﬂ\i,ﬁ:ﬁ:twbhmknﬂ:w}umtﬂ:&dmg&ﬂuuﬂpuudg
the predided g temperatires lused on alamina g model e muds Jower
than the mezred vaues Instead, the use of 2 turdadent model with 2
realizable k—¢ model exhibits 3 good agreement with the i
observations. The turbuence of the mived g in e DTF i most likely
attributed to fue miving of two gas streams at the wal injector tip, where the
ﬂmﬁzﬂwwmﬂ@ﬂywmﬂzm

dary ga. The i hection of coal into the DTF may forfer intensify
the turbudence of gas mixing and flow in the combustion chamber.

FParticle Trajectory Model. Coal particle tmjectory was simulated
by the discrete P]use mande] fDF'M} in FLUENT. The :n‘:u:t of the
drag force and gravity force acting on the particdle phase was taken into
account during calculation. A total of 800 coal particle trajectories were
tracked at each step of the DPM coupling. During combustion, the coal
particle sze was sssumed to remain constant, while its particle density
variex The ]:uu"l:ir]e size was assumed to obey the Rosin—Rammler
distribution with a spresd rof 3.5 and 10

Radiation .hll:lddqx mT;:e:mdn'm: fmm]mapplmd
hemﬁnm&mnuﬂdgg,mwhdmgxwaamnndbungagqhﬂy
The refined WSGGM™™ was implemented in the CFD mode] via the
user-defined function in ANSYS FLUENT. The total emisivity and the
effective absorption coefficient of flue gas are described as

I
e= ¥ a (T)1— )
L e (1)

f )= EI { -
a, (1 “
T 12000

-

(2

1
E=-ght-o )

where b, and L were given in the 10 suites of the refined WSGGM
database in ref 21, including the cases of variable H,O/COy mtios of
0.125,0.25,0.5,0.75, 1, , and 4 for oxy-fring mode and the H,O mole
fractions of 0, 0.1, and 0.3 in the air-firing mode. The data of these 10
suites were inchuded in our written uer-defined function code that &
incorporated into the CFD. However, it is noteworthy that most of the
calculation cases fell in the cases of Py o+ Frg, = 000 for air-firing and
PM"lpﬂﬁ =(L125 for u:q--ﬁr.ing in the nude]ing work here. This is
becase the cod feeding e in the DTF was only 0.5 g/min in 100 L/min
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Figure 6. Mass loss curves for the wet Victorian brown coal containing
Jsm%mui:hueasafmwﬁmuft}upuﬁd:}uaﬁngminTﬂh
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s, and the vater vapor vielded in flue gas wa very finy, & substntiaed in
FigutSa,w}:mﬂ'b:mad:nmnmd: fraction of steam fxm}mdmclm
hﬁea&rnﬂxﬂﬂumxmfx{ﬁwxmﬂhm-ﬁdm.
The emissivity and the absorption coefficient of flue gas depend upon
the characteristic | &ﬂumn]:ruhﬁlmi]dwiudn,ammbmn
hngﬂn,u&lddii:nkﬂabﬂdasl:,}.ﬁlﬂ"ﬂ,w}m! V is the volume of the
domain and A4 is the nmspmuling surface area'” The domain-based
length is nomally recommen ded, because the other method {cell-based
length) could bring wp more grid-dependent emor as the grid i
refined ™ With regard to the lab-scale DTE, its domain length was
determined by its inner diameter of (.05 m and height of 2 m. Panek b
uﬂctﬁ?igjresdzpdrtﬂu?smshdtymdabsm?ﬁlmu!ﬁdem
veras domain | and g temperature for the above-mentioned two
specific suites of the WSGGM database. Cleardy, at the DTF domain
knsﬂ\,ﬂumivﬂ'ymbdabanpﬁmu:dﬁdﬂnufﬂum-ﬁdmuc
higher than the corresponding air-firing mode at the sme temperature,
which, in turn, enhances the radiative heat transfer in the fumace. Mote
that, in the CFD mode] here, the emissivity of the quarts gles wall and
Isunmingu.u] ]:urtil:]e surfice were set a5 09 and I.I.,H.S_,ra]:lecﬁuch-_
Drying Modeling of Inherent Moisture in Brown Coal. The
moisture in coal is defned according to the manner in which they are
mexsured. Broadly, the moisture in 2 coal can be either inherent
muisture embedded chemically within 2 coal matrix or free moisture
mnnd:ﬁngmﬂuun]surfanr_m fnmrpln'ﬁm:'s]beuwﬂﬁ\ﬂupm!
the release In contrast, the surbee moisture is the portion to be relexsed
evaponationbaling point The cml porticle temperature remains at 2
w&p}ﬁmhm&hmmmmkim
the for the wet combnustion model in FLUENT™
Wiﬁregmﬂwt}u\"irwrhmhuman]umd}um,t}udryinguﬂ
devobtilzation procestes u\f:ibwctsm'r‘:lk mhﬁhgﬁm% mxisture
in inert argon, a5 demonstrated in Figure &, exhibit a shiff of the moisture
evapuu:ﬁun bcy!m-rl e K.uplm :incrnsingi}b:cui] Pm'tid: ]'bﬂtingrm
from 100 50 KfmCmﬂemgﬂutﬂupuﬁd:}ngtunﬂu
unlerui"lll‘wsinahbmkmg,ﬂishncaabhﬂutt}ummeuf
un]ﬂunﬂdbecva]mmdatﬂumnpﬂmuaMJTJKinwstudy
case, which coudd even occur in paralle to devoltiliation. This
\iew]:m:intagxu:wh‘]\apmviuu: i:wc:ti?ﬁlmmﬂumnpﬂahucqfﬂu
sispended American coal—water dumy droplets (60 wt % lignite coal
amd-l‘!]—ﬂl;nndﬂsp]et:iu}inaumﬂsusﬁmcm&mﬂ,' in which
T}beJTJ-K.PhumrcﬁﬂTingw:u:Fm muoisture evaporation was not
observed. This was explained by a simultaneous moving of both the
wmemﬁmﬁmtmﬂﬂuma]ﬁwﬂ toward the center of the
droplet, 25 well 25 2 violent devoltilization of brown coal even at very
hwmnpum.hﬂﬁs:ruﬂd,ﬂueqﬂhudl“m%mmin
the dried Victorian brown coal was assumed as the inherent moisture
that is released at the same mte a5 volatile matter.
Devdlitilization Modeling of the Coal Particle. The devolatiliza-
tion proces is determined by a frst-order model ™ The mte of volatile
matbﬂ']mﬁwnuu]:i:n:p’c:adaﬁ

v RTV
T = A ep(—E/RT)(V, - V) i4)

The volaile matter (VM) wa asmmmed a5 a single hypothetic hydroarbon
mq:umncaH.U‘Ndsﬂuﬂwmnhnipumdzmh-mﬁg
the comtents of C, H, N, 5, and O of the pyrolytic char from therav aal The
P‘nshcdmxcbswﬂudmmr‘:hauhdbyﬁwdymlgﬂuryuu]m
Plcﬂzxﬂuﬁmmhnpﬂmu:uflzﬂ-g.mﬂaﬂhnlﬂﬂmﬁn:uc
arcumsd (0.6 5 in the DTF. The combustion rate of volatiles was smplified =
ﬂ:tﬁdﬁﬁnﬁeiﬁmﬂﬂmﬂmﬁdﬂ'ﬁ;ﬂuiﬂm&a}iﬂnmz
level, he original or refmed twostep mechaniam by Westhrook and Diryer
(WD) was employed in air- and oy foel modes, roely” ™ The
rexctions for w.hﬁ]:midﬂm:i:ﬂswaq:fpubdﬁ,aﬂﬂuhuﬁ:&nm
tabulated in Talle 2.

CHOMNS + (a/2 + £ — o/ )0y

= aC0 + (B/2)H,0 + (d/1)N, + S0, ()
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CO + 050, — COy (&)

Single-Film Model with Multiple Surface Reactions. The thres
heterogene ous reactions, as listed below, were amumed to oocur at the
partidle external mrfice with first-order global Arthenius kinetice® The
overal]l carbon consumption rate equals the sum of the rates from each
inividual surface reaction ™

Cl:.:' + 50y — CO (7}
Gy + €0y = 200 (8)
Cy+ H0 = CO + H, (%)
10°
1
ID°'| ) .}
i o
Fm 1D‘]
.
E'ID’] . '": {8
1 e
7 'y
< 1 o Wyl
1:1*1 ) -s--a;m-u
T —#— \icharian Erown coal
1(]"-! —O— Ammona acetste
wHrr——— 77—
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Particle lamperabune, T'.H!
g
¥
3
(o}
z
&
g
<
Parliche temparature, T_, K
1E-5 =
1E5q cal
o -
z &7 —an
E_ "IE-B! )
’% "IE-H-!
L=l
#hlE-‘itl
E 1E-11
1E=12
? 1E-13
o —a&— raw coal char sampls
1B E o s coal char
1E-15 L3
00

F:i.glm'?. Gnnmmquﬂﬂudbwhﬂtﬂ"\l’thmhmuﬂlﬂ
those reported in refs 40—47 Panels 3, b, and c are for devolatilization, dar
mﬂdwynﬁmnmnmﬁmzmpcmdy.ﬂaﬂq}t
from Elsevier for the reprinted we of the results in refs 40—47.
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Table X Global Mechanisms of GGas-Phase Reactions™

mumher reaction rate equation (kmal m™ 57") A b E (J/kmal)
(1)) O ginal WID: Weshrook and Dirper Two-Step Mechanism for Methane Combusian in A
1 CH, + 150y — OO +2H,0 d[CH,]idt = AT* expl —E/RTI[CH, P[] A012 % 10" a 2000
2 CO + 050 — OOy d[C0]/dr = AT exp{ —E/RT) [COT O] “H[H0T rrya 10" a 1700
() Refined WI: Refined Westrook and Dirper Two-Step Mechanism for Oxyfoel Combustion of Methane™"
1 CH, + 150, — CO +2H,0 d[CH,]/dt = AT* exp{ —E/RTI[CH, ] [0:]™ 05 % 10" [ 2000
b OO + 050, — 00y d[CO]/dt = AT* exp —E/RT [00] [0, PF[HO] 1T w1 a 418
3 OOy — OO + 050, A[C0OY/dt = AT exp{ —E/RT) [COy] [0, F[HO]™ 110 = 10" ] 3280
(3] Hydrogen Oxidation™
1 H, + 050, — H,0 d[H,]/dt= AT exp( —E/RTI[H,][0,] a57 = 10" [ 310
“The methane oxidation Knetics was uwsed for volatile oxidation in air- and ory-fuel modes
Table 3. Global Mechanisms of Char Surface Reactions
rumber reaction Afkgm™ s R E(]/kmal) reference I ape i aiir G in OO0
1 C +050; = C0 in Table 1 0% 1077 40107
2 C+00,— 00 in Tahle 1 0% 10— 1 = 101
3 C+Hd— OO+ 000635 1620 45 a4 x 1078 2w 107"
1600
1400 :
13004
e 1000
&
o mn
| & Magsured datal
Ban —— 108um
= = = 130urn
pa 7 L 153um
200 - r T T
a0 o 02 03 04 0.5 06

Distance from Coal Inpsctar, m

Figgure 8. Measured and predicted char particle temperature pro files for different particle szes in air and the furnace temperature of 1073 K Photosa, b,

¢, and d are for the flame observed at reactor distances of L1, 0115, 002, and 03
the copyright of Elkevier.

m, mpecﬁvd’g.-.“']'}be P}Hm:-g_nph: \umre]:m'n’bed with pemmission from

E] P P

_ _ B :
q_Eq"_;.;; +_|_|._| -

i Koy K Koy L) [10)

where kinetic and mass diffugon coeffidents for each reaction above

5
Kg, = A expl —
J T,

I,

{11}
. 0, o, M
-!\d_l. =
R, [12)
. O co M
Ky, =—22
rRT (13)
. O oM
Ky3= T
e (14)
. [T, + ];:'-"31175
Ky =G
. (15}

Muote that t]'i:g;v]:!}n'ie diffusion coefficients [D.:,’, Dﬂ,:_,ml Dy ) are
different in dilvent COy and N, Once the diffuson coefficents are
determined, C g is caleulited by eq 15, 25 tabubated in Table 3.
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The ]:uu'tide temperatune was caleulated by u.mu:iden'ng_}uat tram sfer
from convection, rdiation, and surbce heat gin Jos becawse of char
heterogeneous reactions, wsing the following equation:

dT, pr . . i L4
" = d—PAF{‘Im— T) + Apeoldy” — aT7)

+ f A — g — g H) (16}

Gaseous Homogeneous Reactions. The primary products (C0

and H, ) yielded from char surface reaction s burm fierther in the bulk gas,
depicted as reactions & and 17,

H; + 050y — H;0 (17)
The turbulent combustion of fivel gases was predicted using the finite -
rate/ eddy-dimipation model, taking into accoumt the Arrhenius laminar
reaction and turbulent fluctuation. The reaction kinetic data are also
listed in Table 2.

B RESULTS AND DISCUSSION

Devolatilization and Char O, and Char CO; Reactivities
of Victorian Brown Coal. Once being dried, the Victorian
brown coal bears a wvery high reaction rate for both
devolatllization and char oxddation. Figure 7 summarizes the
kinetic parameters for this coal, its ammoniz-acetate-washed
residue, and the hituminous coak reported in refs 40—47.
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Fignure 4. Measured and ]:u'ul!dﬂ] Puﬁde—mnpﬂ'mue ]:u'ucﬁls ﬁn’diﬁemnt&utide szes in 1073 Kand 27% O in dileted 004 Photos a, b, and « are
for the flame observed at reactor distances of 0.1, 0.15, and 0.2 m, respectively.” The photographs were re printed with permission from the copyright of

Elsevier.

Ammonia acetate was used to remove the alkali and alkaline earth
metals that are supposed to be the catalysts for brown coal
oxidation. In Figure 7a showing the devoltilization rate, one can
see that both Victorian brown coal and its washed residue were
pyrolzed quiddy from 800 K onward. Their devolatikzation rates
are 10°=10° faster than the bituminous coals. This is due to the
youngest age and shortest coalification time for this brown coal.
Iz volatile matter & mainly composed of light/gasecus
hydrocarbons accounting for more than half on the mass basis
of the total volatiles. With regard to the brown coal char Oy
oxddation rate in Figure 7h, it is close to that reported by Toporov
et al. in ref 44, being fast compared to the bituminous coal char.
The ammonia acetate washing affected litle on the char O,
oxidation rate For the char CO, gasification rate, it is obviously
higher than the reported high-rank coal at the temperatures
below 1200 K. The removal of the ash-forming metals by
ammoniaacetate washing dropped the magnitude of this reaction
to the same level as the reported bhituminous coak, which
substantiates the catabytic role of ash-forming metals on the high
char CO; reactivity of this coal.

CFD Model Verification by Particle Temperature, The
CFD modeling program, such as ANSYS FLUENT, tracks the
trajectories of plenty partides and simultaneously records the
temperature and reactivity of the individual partides over time.
The partides were grouped into grid meshes, and in each group,
the particles were differentiated in size. Considering that the
majority of the partides are moving in the axial way in the D'TF
and there is litle interaction of particles dong the radial
direction, the information for the particles with the same size was
extracted from different meshes and interpreted statistically for
its partide temperature profile and ignition characteristics
hereafter.

Figures § and 9 demonstrate the CFD-predicted partide
temperature profile for three different coal sizes (Le, madmum,
minimum, and mean diameter) as a hundion of the reactor
distance in air versus 27% O, in CO,, respectively. Ineach figure,
the pyrometer-measured data and high-speed camera photo-
graphs for three distances are also displayed. Irespective of the
partide size, the Victoran brown coal exhibits a single peak in its
temperature profile, which is broadly consistent with the lignites
reported in the literatnre * In comparison to bituminous coals
possessing a bimodal distribution for a rather separate oxidation
of volatile and char, the single peak for brown coal (e, lignite ) is
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Figare 1L Brown coal burmon rates a5 a fenction of the reactor distance
for air versus 21% O/ CCY in DTF for the fumace temperatures of (a)
1073 K and [b] 1273 K. The et]:lcnmenta] data were re]:u'in‘heil with
pemmission from the uJ];wng}nt of Hsevier. The ﬂpcn:rr:n‘ta] results
were reprinted with permismion from ref 34 Copyrght 2010 fom

Elsevier.

a direct sign of its heterc- and homogeneous ignitions and/ or a
large overlapping of the oxddation of bath volatiles (in the gas
phase) and char particles (in the solid phase). This i also
consistent with our previous observation for the ignition of the
same coal in a wire-mesh reactor.®

In Figure 8, one can see that the pyrometer data in air-firing
experiments were matched reasomably well bythe CFD modeling
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Figrure 11. Fraction of the char CO), gasification resction contribution to

thee ¢ ol burn out rate. Panels 3 and b are for the furma ce tempe ratures of

1073 and 1273 K_,rspecﬁvdy.

results, regarding different partide sizes. In Figure 9 for the 27%
0, balanced by COy it is proven essential to inchide the char
C0y and char Hy O gasification reactions inthe model; otherwise,
the prediction (top dash-dot curve ) would stay far away from the
prrometer measurement | solid dots with error bars). This is very
intriguing and further confirms the high C=C0, gasification
reactivity for the brown coal tested here, which even occurs ata
low furnace wall temperature of 1073 E.

CFD Model Verification by the Coal Burnout Rate and
Particle Velocity. The high reactivity of the dried Victorian brown
onal tested was abso demonstrated by its bumout rate versus DTF
reactor distance in Figure 10, In the fumace temperature of 1073 K
(Figure 10a), the coal corversion even reached 90% at the reactor
distance of (L6 my, in either air or 21% O, habnced by C Oy Such afast
burnout rate in DTF was ako predicted acawately by the CFD
modeling, via the use of the kinetic parameters in Table 1 and the
submodels described above. The model also predicts a completion of
the release of volatils at the reactor digtance of 02 m, which
corregponds to a patide residence time a5 short as 0.2 5. Moreover,
from both eperimental mexsurement and CFD modeling, one can
see that the difference between the two bulk gases, air and 21% O, in
C0y, is negligihle in terms of the ooal burnout mte for Victorian
brown coal Because the substitution of 2 1% 0, in OO, for air caused
the sgnificant ignition delay (as shown later) and lower partide
temperature, a nearly identical coal burnout mte hetween the two
cases observed here echoes Fignre 9 to prove the strong char CO,
gadfication reactions for the brown ooal tested here

o Messured in 21% 0,T0,

—— Predicted in ai
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{ #®  Measured n air
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1.4 =]
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Particle velocity, m/'s
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Fimlm 1% GD'FI‘E(I'I:‘IIII put'rk velocity pmcﬁ]e of the mean ];m'br_E
sine mlmnpumnmﬂ:_pmﬂ observation by insifu Jiapluds for
the furnace temperatures of (2) 1073 K and (b) 1273 K Experimental
results wers re]:m'm:ul with permission from ref 32 Cu]:ryrig]n 10 from
the American Chemistry Sodety.

When the pyrometer-measwed burning coal partide temperature
was matched with modeling results, 2 contribution afappmximatd;
10% from the char CO, reaction has been reparted in the literature.
Following the same idea, Figure 11 plotted the char C O, contribution
as a function of the bulk gas composition and furnace temperature.
The fraction of the char CO, reaction was defined here by the
equation of §./(g, + g + g;). Even at the furnace wall tem perature of
1073 B, around 10% contribution can be attributed to the char CO),
reaction that preferentially ocours at the particle peak temperature
where the volatlle flame is formed. Increasing the cxygen fraction in
COy gradually dropped the contribution of the char CO, reaction at
the partide peak temperaire, from around 10% in 21% O, to £% in
26% O, and then 7.0% in 30% O, This i an indicator of the
enhanced char O, reaction at the elevated mopgen content in the bulk
gas, as expected The consequence of this enhanced char O, reaction
is also obvious, which resubted in a longer durstion for the char CO,
gasification reaction to ocour on the char partide surfice. Inoeasing
the fimace temperature to 1273 K clerly improved the char CO,
contribution to coal bumout, reaching around 25% at the peak
ternperature for the 21% O, in CO, case. Maoreover, the duration for
the char CO, reaction was enlugedat the devated oxygen Faction in
C0y, the same a5 the low fumace temperature discnssed above.

The accuracy of the CFD modeling was further verified by the
particle velodty profile in Figure 12. Although the particle
trajectory in the DTF was supposed to be complex because of the
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Figrure 14. Mexsured and predicted particle temperture and flame propagation as 2 function of the reactor distance and bulk gas composition. The
cakuhﬁmmﬂup;rﬁtﬂemnpﬂ:hrems mulef:nrt]\en!m]:u'ﬁdesizecd”lw;ﬂn:tt}uﬁumwz]]mnpemdllﬁ E_Photos a, b, and ¢ are for
the flame observed at the resctor distance of 015 m for 21% 04/ C0y, 27% (0,004, and 30% f:lz."f.f".lh:rﬁpmﬁvdy.

feeding of the coal particles with a broad size range and broad
varigtion of the postion to enter the fumace, the predicted
partide velocity for the mean size of 1 30 gm was found falling in
the error range of the measured data. In both furnace
temperatures, the particle velocities measured by a high-speed
camera follow the same trend as that predicted by the CFD
model In each case, the partide velodty was maximized at a
reactor distance of 0.3 or 0.2 m, which corresponds to the
complete bumout of coal volatiles. The rapid release of coal
volatiles as a jet out of the coal matrix dearly formed an extra
momentum, pushing the forward motion of char partides.

Coal Particle Ignition versus O, Fraction and 5econ-
dary Gas Temperature. Upon the verification of the CFI}
module developed here, a wariety of era predicion was
conducted on the coal partide temperature, flue gas temperature,
and radiation heat flux to compare the different combustion
cases. The coalignition point was abo extracted from the partide
temperature and compared between different cases to address its
variaion with the secondary gas temperature and the oxygen
fraction in CO,.

Figures 13 and 14 llustrate coal partide temperature profiles,
both predicted and measured, for the four furnace temperatures
of 107 3and 1273 K, respectively. For either fumace temperature,

A2 66

the wse of 21% 0, /C0O, in place of air cavsed a significant delay
on coal ignition, the longest duration of the endothermic char
C0, gasification reactions (see Figure 11 ), and hence, the lowest
patticle temperature at each distance. Increasing the oxygen
percentage to 30% in CO, enhanced the exothermic char O,
reaction rate, which thus offtet the negative contribution from
the char CO, gasification reaction and narrowed the discrepancy
of both flame intensity and particle temperature to the air case.

Considering that it is very likely that both homo- and
heterogeneous ignitions ocour simultaneously for the air-dred
Victorian brown coal the ignition tme of coal was further
extracted from partide temperature profiles in Figure 15 For
each panel in Figure 15, the intesection between the tangent
curves of the two sections ( slow rise versus quick rise) of a char
temperature profile was deduced as the coal ignition time.
Clearly, at the fumace,/gas temperature of 1273 K in Figure 153,
the brown coal ignition occurred at approsdmately 0.121 s in air,
relative to ~0.125s in 21% 0, /C0,, 27% 0,/C0,, and 30% 0,/
CO., with imsignificart difference among the three moy-firing
cases. Panek b and ¢ of Figure 15 llustrate the analysis on coal
ignition temperatures at two lower tempemtures for the
secondary gas, 1073 and 900 B. The former temperature was
achieved by simply setting the size zones of the furnace at 1073 K,
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whereas the latter two were achieved by turning off the top two
and four zones of the furnace, respectively. By reducing the
secondary gas temperature, one can see that the discrepancy of
the coal ignition time between air and 21% Oy in COy and other
oxy-fuel cases is cleady widened. This was further quantified in
Figure 16, where the ignition times of Victorian brown coal for
four cases and the ignition delay between 21% (0, /CO, and air
were plotted as a fundion of the secondary gas temperature.
Irrespective of bulk gas compaosition, increasing the secondary
gas temperature shortened the coal ignition time quickly as well
as narrowed the ignition delay between air and 21% O, balanced
in CO,. At the gas temperature of 700 B, a coal ignition time of
0.235 = was required in air, which changed little at 900 K but was
redoced to 0.184 s and then 0171 and 0,121 s for 1073 and 1273 K,
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respectively. In addition, at the low gas temperature of 700 K, the
ignition delay between 21% 0,/COy and air reached ~14 ms, which
was narrowed remarkably to about 5,4, and 3.5 ms at 900, 1073, and
1273 K, respectively. Cleardy, the temperature of the secondary gas
plays acritical role in partide ignition. It has the potential to offeet the
negative impact of the large spedific heat capacity of COy. Here, it can
be conduded that the coal ignition delay upon gas shift from air to
21% O, /CO, can be eliminated by increasing the second gas
temperature to approxdmately 1273 ¥ Apparently, such a high
temperature can be achieved by employing a regenerator via the use
of internal flue gas redrculation to effidently preheat the combustion
gas, the same a5 the concept of high-terperature air combustion ™
The application of such a technology to the oop-foe combustion of
Victorian brown coal may be plausible, because the lowash content in
Victorian brown ool can asdst in minimizing the ash fouling in the
regenerator.

Flue Gas Temperature Profile and Radiative Heat Flux
in DTF. The match of the flue gas temperature profile and
radiative heat fluxin afurnace is crudial for the retrofitting of oxy-
fuel technology to an existing air-fired boiler, in which the heat
flux must be match. As shown in Figure 17 for the flue gas
temperature extracted from the CFD model, for the same O,
concentration of 21%, the substimton of N, by CO, led to the
disappearance of the highest temperature of 1350 K comrespond-
ing to coal flame inair. Instead, the flue gas remained hotter close
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to the bottom of the furnace. This is attributed to delay on coal
ignition and oxddation. Increasing the O, fraction in CO; cansed
anupward shift of the flue gas temperature and theincrease inthe
flue gas temperature at the coal flame 2one, as expected. For the
use of 30% O, /CO, in place of air, the highest flame temperature
of 1350 K was achieved at nearly the same distance as in air,
whereas in the hottom post-flame zone, the flue gas temperature
was dropped quickly, because of an intensified and quidcer
burnout of coal in the fumace. Figure 18 further substantiates a
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F"ur\e 18, Predicted radistion heat fhx distrbution at the fumace
temperature of 1073 K (]/m®).

much stronger radiation heat flux for 30% O, in €O, than in air.
Instead, the use of 27% (O in €0, shows a good match with the
air in radiation heat flux in the furnace, although its fue gas

temperature is lower than the air case.

B CONCLUSION

The mumerical modeling of the combustion of air-dried Victorian
brown coal in O, /N5 and O, /CO, mixtures with 21=30% O, has
been conducted via the use of CFDY, ANSYS FLUENT 13.0. The
purpose of this study is to verify the experimental observations as
well as to promote ow understanding on the detaik under-
pinning the combustion characteristics of Victorian brown coal.
The major condugons achieved are drawn as follows: (1) From
the methodology pespedive, theoretical descriptions of gas
radiation and char heterogeneous reactions are key factors
determining the smulation acouracy of oxyfoel combustion.
The refined WSGGM, the single-film model with multiple
surface reactions, and the refined two-step mechanism for
methane oxy-firing that wasused to depict volatile oxidation were
proven applicable to the cry-fuel combustion of Victorian brown
coal The turbulence model was found more suitable than the
laminar model in terms of estimating the gas temperature profile
in the DTF. This i caused by the mixng of cold and hot gas
streams nearby the coal injector tip. Moreover, the drying of
residual moisture of the air-dried brown coal sample assumed the
releasing process of inherent moisture, which was deemed to
release with volatle matter simubtanecusly rather than the wet
combustion mode of pubverized coal with surface moisture. (2}
The air-dred Victorian brown coal bears a high reactivity for
devolatilization and char O, and char CO, gasification reactions.
From both CFI} modeling and experimental measurement, the
oxdation of air-dried Victorian brown coal i completed in less

than (U6 m from the DTF coal injector tip, irespedive of bulk gas
composition and the axygen fradion in CO,. In comparison to
the furnace temperature of 1073=1173 K, the particle peak
temperature reached 1300=1600 K after ignition, contributed by
approximately 10 and 25% from the char CO, gasification
reaction at the furnace temperatures of 1073 and 1273 K.
respectively. (3) Apart from increasing the oxygen fraction in
CO,, the increase in the secondary gas temperature is also pivotal
in narrowing coal ignition delay between air- and cory-firing the
delay interval to a certain extent. (4) In terms of matching air-
firing for radiation heat flux, the presence of 27% O, in CO; is
essential, as an expense of a lower flue gas temperature inthe coal
volatile flame zone
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B NOMEMNCLATURE

A = pre-exponential factor

A = partide external surface (m?)

;= coefficient in WSGGM

b‘.:., = coefident in WSGGM

¢_ = specific heat (] kg™ K7

Csg = diffssion-limited constant in ANSYS FLUENT (s K*™)
D = diffsion coeffident (m®/s)

d, = particle diameter (m)

E = activation energy of the reaction (J/kmaol )

fi = heterogeneous reaction heat coefident absorbed by the
partide

H = heat of the heterogeneous reaction (J/kg of carbon )

k, = gas absorption coefficient (m™")

K = diffision-limited reaction rate coefficient (kg m st
Pa~)

k; = coefficient in WSGGM

K, = surface reaction rate coeffident (kg m2s Y

L = domain length (m)

M = molecular weight (kg/kmal)

m, = partide mass (kg)

f, = radius of the partide (m)

P = total or partial pressure | Pa)

§ = reaction rate of carbon per unit surface area (kg m™*s~")
R = universal gas constant (] kmol " K7')

T = temperature (K]}

V.., = maximum volume of volatile matter

2 = gas density (kg/m”)

e el o . B Sl O D | Evtrgry Py 203, 07, 43584069
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A = thermal conductivity (W m™" K ")

£ = gas emissivity

£, = emissivity of the partide surface

5, = radiation temperature (K

& = Stefan=Boltemann constant (W m™ K™)

Subsaipts
d = diffusion
v = volatile matter
£ = ambient
m = average in the particle boundary layer
p = particle
1 = reaction of C+ 050, = CO
2 = reaction of C + CO,; = 200
3 = reaction of C+ H,0 = CO + H,
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APPENDIX D

Simulation Code used In this thesis
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D.1. MATLAB code for calculating the amount inherent moisture (Chapter 5)
Main code:

function [timedry,disdry, tdevol,disdevol, tempdevol,tignition, Tm, index] =
Comb_inherent (inher,mcoinput, comb, Drying)

diam = 0.000084;

%$Problem Constant

hd = 2.26E6; %Heat of water evaporation (J/kgK)
hpyro = 8.37*10"5; %$J/kgK of coal
e = 0.8; %$Particle Emissivity
sig = 5.67E-8; $Stefan-Boltzmann Constant
tw = 773; $Wall temperature (K)
r = 8.314; %$Universal gas constant (J/kgK)
cpcoal = 1150; $Lignite Heat Capacity from Fluent (J/kgK)
pdried = 1150; $Dried Coal Density (kg/m3)
ta = 365; %Wet bulb temperature (K)
na = 0.3468; $Total Time in air (s)
no = 0.4132; $Total Time in CO2 (s)
fv = 0.4495; %$Volatile Fraction in air-dried
fvdb = fv/0.88; %$Vol Fractionin dry Dbasis
dt = 0.00005; %$Integration time step
if comb ==
fo = 0.2103;fn=0.4404;fc = 0.1644;fs = 0.1849;n = (0:dt:na);
elseif comb ==
fo = 0.1664;fn = 0;fc = 0.649;fs = 0.1846;n = (0:dt:no);

elseif comb ==

fo = 0.2157;fn = 0; fc
elseif comb ==

fo = 0.2654;fn = 0;fc = 0.5492;fs = 0.1855;n = (0:dt:no);
elseif comb ==

fo = 0.3154;fn = 0; fc
end

0.5992; fs

0.185;n = (0:dt:no);

0.4989; fs 0.1859;n = (0:dt:no);

%$Solution Initialization
tf = zeros(length(n),1l);tp = zeros(length(n),1l);Tm = zeros(length(n),1);

tgas = zeros(length(n),1);

mv = zeros (length(n),1);

devolrate = zeros(length(n),1);

area = zeros(length(n),1);

b = zeros(length(n),1);

distance = zeros(length(n),1);

nn = zeros (length(n),1l);dryrate = zeros(length(n),1);totconv =
zeros (length(n),1);

reaction = zeros(length(n),1);

rate = zeros(length(n),1);

$Input Parameter

d((l:length(n)),1l) = diam;

mco (l:length(n),1) = mcoinput;

pwc = pdried* (l-mcoinput)+mcoinput*1000;

mdried = (pdried*3.14/6*diam”3);

mi = (pdried*3.14/6*diam”3)+ (mcoinput*mdried/ (1-mcoinput));
ft = fvdb*mdried;
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unburnt = 0.03*mdried;
mt (1:1length(n),1l) = mi;

tp(l) = 298;

tf(2) = tf£(1) +dt;
i=2;

iagain = 1;

m= 2;

err(l:length(n),1l) = 0;

%$Coal Properties dried basis

FC = 0.470455; $Fixed carbon
VM = 0.510795; %$Volatile matter
A = 0.018750; $Ash

C = 0.657; %$Carbon

H = 0.068; $Hydrogen

N = 0.06; %Nitrogen

S =0.05; %Sulphur

O = 0.258; $0xygen

%$Method 2

Cvol = C - FC;

hvol = ((3.55*Cvol"2-232*Cvol - 2230*H 4+51.2*Cvol*H+131*N +
20600))*1000-hd;

clc

fprintf ('Time Step: %6d%10s:%10.4f Total
Conversion:%10.4f\n',1, 'Error',0,0);
while iagain ==

if tf(i) ==
distance (i) = 0;
elseif tf (i) > 0 && tf (i) <= 0.048
if comb ==
distance (i) = (-

0.0003*(tf(1i)*1000)"3+0.0411*(tf(1i)*1000)"2+0.7678* (tf(1i)*1000) -
2.7809)/10;
elseif comb >=2&&comb<=5
distance (i) = (-0.0003* (tf(1)*1000)"3+0.0468* (tf(1i)*1000)"2-
0.2070* (£t£(1)*1000)+1.0267)/10;
end
elseif tf(i)>0.048
if comb ==
distance (i) = (0.0041*(tf(1)*1000)"2+2.3791* (tf(1)*1000)-29.012)/10;
elseif comb >=2&&comb<=5
distance (i) = (0.0045* (tf£(1)*1000)"2+1.8867* (tf(1i)*1000) -
37.528)/10;
end
end
if distance (i) < 0
distance (i) = distance(i-1)+0.0001;

end
if comb == 1
% tgas(l) = 414.96 + 820.13576;
% tgas (i) = 414.96 + 820.13576*exp(-distance (i) /30.77);

tgas (i) = -4259.2*tf (i) + 1232.3;
elseif comb >=2&&comb<=5
tgas(l) = 276.465 + 930.52797;
tgas (i) = 276.465 + 930.52797*exp (-distance (i) /43.834);

o\

o\
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tgas (i) = -4756.4*tf (i) + 1265.4;
end%-- from if comb == 1 loop --%

if tgas (i) <=tw
tgas (i) = tw;

end

if tf£(1)<=0.0025

parvel = 0;
elseif tf(i)>0.0025
if comb ==

parvel = 0.7224*1og(tf (i) *1000)-0.1205;
elseif comb >=2&& comb <=5
parvel = 0.897*log(tf(i)*1000)-1.3227;
end
end

$Kinetic Parameter
%A is in s-1 and E is J/mole
$Devolatilisation
if comb ==
av = 104475.6;ev=66526.13;
elseif comb >=2&& comb <=5
av = 207744.8;ev=67785.7;
end

o

o° oo

o

%Guess the particle temperature at t + dt

tpi tp(i-1)+10;
err(i) = 1;
b(m) = 0;

%$Iterative procedure
for m = 1:10
$Dimensionless Coefficient
Tm(l) = (tpi+tgas(l))/2;
Tm(i) = (tpi+tgas(i))/2;
[miut,pt,cpt,1lt] = Gprop(Tm,i, fo,fs, fc, fn);

%$Dimensionless Correlation
gasvel = (11.7/60*%107-3) * (tgas (i) /298)/(pi*0.115"2);
urel = abs (parvel-gasvel);
Re = pt*urel*d (i) /miut;
Pr = cpt*miut/1lt;

Nu = 2 + ((0.555*Re”0.5*Pr"~(1/3))/(1+(1.232*(1/Re) * (Pr)"(-4/3)))"0.5);

h = Nu*lt/d(1i);
%$Constant Calculation
area(l) = pi*d(1l)"2;

area (i) = pi*d(i)"2;

%Rate of Drying

if Drying ==
nn(i) = (6*h*(tgas(i)-ta))/ (hd*pwc* (mco(1l)/ (1l+mco(1l)))*d(i));
dryrate (i) = mco(l)*nn(i)*mi/area(i);
elseif Drying ==
dryrate (i) = h*(tgas(i)-ta)/hd;
end
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%$Rate of Devolatilisation

kv (i) = av*exp (-ev/ ( *tpi));

devolrate (i) = kv (i)* (ft-mv(i))/area (i) ;
reaction (i) = —devolrate(l 1) *area (i-1) *hpyro;
rate (i) = devolrate (i-1) *area (i-1) *dt;

% Transient Code algorithm
if mco(i-1) > inher
if tp(i-1) < ta
tp(i) = tp(i-1) + area(i-1)/ (mt(i-
1) *cpcoal) *dt* (e*sig* (tw 4-tp(i-1)"4)+h* (tgas (i-1)-tp(i-1)));
elseif tp(i-1) >= ta
mt (i) = mt(i-1)-(dryrate(i-1)*dt*area(i-1));
tp(i) = tp(i-1) + area(i-1)/ (mt(i-
1) *cpcoal) *dt* (e*sig* (tw"4-tp(i-1) "4)+h* (tgas (i-1)-tp(i-1))-dryrate(i-
1) *hd) ;

mco (i) = (mco(i-1)*mt(l)-dt*dryrate(i-1)*area(i-
) /mt (
1f tp (i )<ta
tp (i) = ta;
end
end
if mco (i) < inher
mco (1) = inher;
end

timedry = tf(1);
disdry = distance (i) ;
elseif mco(i-1)<=inher

mco (i) = inher;
mt (1) t(i-1)-rate(i-1);
mv (i) = mv(i-1)+devolrate(i-1)*area(i-1)*dt;
tp(i) = tp(i-1) + area( 1)/ (mt (i-1) *cpcoal) *dt* (e*sig* (tw™4d-tp (i-

1)~4)+h* (tgas (i-1) -tp(i- 1))+reaction(i—1));
if mt (i) <= unburnt,break,end

end%-- exit from if mco < inher loopx
err = abs((tp(i)-tpi)/tpi);
tpi = tp(i);

totconv (i) = (mi-mt(i))/mi;

end%-- Exit from for m= 1:50 loop

fprintf ('Time Step: %6d%10s:%10.4f Total
Conversion:%10.4f\n',1i, 'Error',err, totconv(i));

i i+1;
if distance (i-1) <= 100
iagain = 1;
tf(i) = tf£(i-1)+dt;
if mt(i-1) <= unburnt
iagaln = 0;
i = 1-1;
end
if tf(i) >=0.03
iagain = 0;
i = 1-1;
end
else
i =1i-1;
iagain = 0;
end% -- Exit from if i > length (n)
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end%-- From while iagain ==

$Final Solution

tff = tf(1:1,1);tpf = tp(l:1,1),;mvf=mv(1l:1,1);
devolratef = devolrate(l:i,1);distancef = distance(l:i,1);
maxrate?2 = gradient (devolratef,tff);

maxrate = gradient (maxrate2,tff);

index = find(maxrate==max (maxrate)) ;

% maxrate = find(tpf>673);

% index = min (maxrate);

tdevol = tff (index);

tempdevol = tpf (index);

disdevol = distancef (index) ;

A = 5.012E11;

Ea = 200000;

$ A = 2.239E12;

% Ea = 170000;
[miutff,ptff,cptff,ltff,do2mff,dn2mff,dco2mff, dh2omff,cvtff] =
Gprop (Tm, index, fo, fs, fc, fn) ; $J/molK

tignition = cvtff* (Tm(index)"2*r/Ea)/ (hvol/18*0.33*A*exp (-

Ea/ (r*Tm(index)))) ;

fprintf ('\nEnd of Calculation\n');

Code for calculating gas property:

function[miut, pt,cpt,1lt,do2m,dn2m, dco2m,dh2om,cvt] =
Gprop (Tm, i, fo, fs, fc, fn)

%$Gas properties Calculation at mean temperature

$Thermal Conductivity (W/mK), Heat capacity (J/kgK), Density (kg/m3),

$Viscosity (kg/m.s)
%C denote CO2, n denote N2, O denote 02 and s denote steam

mo2 = 32;

mco2 = 44;

mn2 = 28;

mh2o0 = 18;

r = 8.314;

p = 101325;

tw = fo*mo2+fcr*mco2+mn2*fn+mh2o0*fs;
wo = fo*mo2/tw;

wc = fc*mco2/tw;

wn = fn*mn2/tw;

ws = fs*mh2o/tw;

mmix = wo*mo2+wc*mco2+wn*mn2+mh2o*ws;

$Transport Properties Data

cpc = (23.5061 + 0.03807*Tm(i) + 7.40233E-05 *Tm(i)"2 - 2.22713E-
07*Tm (i) "3+2.34E-10*Tm (i) "4-1.1E-13*Tm (i) "5+2.17E-17*Tm (i) "6) ;
cps = (33.1744 - 0.00325*Tm(i) + 1.74365E-05 *Tm(i)"2 - 5.97958E-
09*Tm (i) ~3);

cpn = (28.7168 + 0.00735*Tm (i) - 4.54759E-05 *Tm(i)"2 + 1.16406E-
07*Tm (i) "3-1.2E-10*Tm (1) "4+5.9E-14*Tm (i) *5-1.1E-17*Tm (1) "6) ;
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cpo = (29.7902 - 0.00949*Tm (i) + 2.85799E-05 *Tm(i)"2 + 9.87286E-
09*Tm (i) "3-5.7E-11*Tm (i) “4+4.3E-14*Tm (i) "5-1E-17*Tm (1) "6) ;

miuc = (11.8109 + 0.49838 *Tm(i) -0.00011 * Tm(i)"2)*10"-6;

miun = (4.465558 + 0.638138*Tm (i) - 0.00027 *Tm(i)"2 + 5.41E-8
*Tm (1) ~3)*10%-6;

miuo = (-4.94329 + 0.806733 *Tm(i) - 0.0004 *Tm(i)”"2 + 1.01E-7
*Tm (1) ~3)*10%-6;

mius = (22.82112E-3 + 0.173868*Tm (i) + 0.000325 *Tm(i)"2 - 1.4E-7
*Tm(i)~3)*10"-6;

cve = (cpc)/1.18;

cvs = (cps)/1.25;

cvn = (cpn)/1.34;

cvo = (cpo)/1.313;

lc = -6.708E-3 + 7.535E-5 *Tm(i) +9.493E-9 * Tm(i)"2 - 1.127E-11
*Tm (1) ~3;

ln = -2.268E-4 + 1.027E-4 *Tm(i) - 6.015E-8 *Tm(i)"2 + 2.233E-11
*Tm (1) ~3;

lo = 1.547E-4 + 9.415E-5 *Tm(i) -2.753E-8 *Tm(i)"2 + 5.207E-12 *Tm(i)"3;

1s

5.62E-3 + 1.57E-5 *Tm(i) +1.01E-7 *Tm(i)"2 - 2.428E-11 *Tm(i)"3;

%$Interaction Parameter for viscosity
psio2co2 = (1/8)70.5* (1+ (mo2/mco2))"-

0.5* (1+ (miuo/miuc) *0.5* (mco2/mo2)~0.25)"2;
psio2n2 = (1/8)70.5* (1+ (mo2/mn2))"-

0.5* (1+ (miuo/miun) *0.5* (mn2/mo2)~0.25)"2;
psio2h20 = (1/8)70.5* (1+ (mo2/mh20))"-

0.5* (1+ (miuo/mius) *0.5* (mh20/mo2) ~0.25) *2;
psico202 = (1/8)70.5* (1+ (mco2/mo2))"-

0.5* (1+ (miuc/miuo) *0.5* (mo2/mco2)~0.25)"2;
psico2n2 = (1/8)70.5* (1+ (mco2/mn2))"~-

0.5* (1+ (miuc/miun) *0.5* (mn2/mco2)~0.25)"2;
psico2h20 = (1/8)70.5* (1+ (mco2/mh20)) -
0.5* (1+ (miuc/mius) *0.5* (mh20o/mco2)~0.25)"2;
psin202 = (1/8)70.5* (1+ (mn2/mo2) ) "-

0.5* (1+ (miun/miuo) *0.5* (mo2/mn2) ~0.25)"2;
psin2co2 = (1/8)70.5* (1+ (mn2/mco2))"-

0.5* (1+ (miun/miuc) *0.5* (mco2/mn2)~0.25)"2;
psin2h20 = (1/8)70.5* (1+ (mn2/mh20)) "~-

0.5* (1+ (miun/mius) *0.5* (mh20o/mn2)~0.25)"2;
psih2002 = (1/8)70.5* (1+ (mh20/mo2) ) "-

0.5* (1+ (mius/miuo) *0.5* (mo2/mh20) ~0.25) ~2;
psih2oco2 = (1/8)70.5* (1+ (mh20/mco2))"~-
0.5* (1+ (mius/miuc) *0.5* (mco2/mh20) ~0.25) "2;
psih2on2 = (1/8)70.5* (1+(mh20/mn2))"-

0.5* (1+ (mius/miun) *0.5* (mn2/mh20) ~0.25) ~2;

%$Interaction Parameter for thermal conductivity

psio2co2k = (1/8)70.5*% (1+(mo2/mco2)) "~
0.5* (1+(lo/1c)”0.5* (mo2/mco2) ~0.25)"2;
psio2n2k = (1/8)70.5* (1+ (mo2/mn2))"-0.5* (1+(1lo/1n)"0.5* (mo2/mn2)~0.25)"2;
psio2h20k = (1/8)70.5* (1+ (mo2/mh20))"-
0.5*(1+(lo/1ls)”0.5* (mo2/mh20)~0.25)"2;
psico202k = (1/8)70.5* (1+(mco2/mo2)) -
0.5* (1+(1lc/1lo)”0.5* (mco2/mo2) ~0.25)"2;
psico2n2k = (1/8)70.5* (1+ (mco2/mn2))"~-
0.5*(1+(1lc/1n)"0.5* (mco2/mn2)~0.25)"2;

—_— — — — — —
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psico2h20k = (1/8)70.5* (14 (mco2/mh20) ) ~-
0.5*(1+(1c/1ls)”0.5* (mco2/mh20) ~0.25)"2;

psin202k = (1/8)AO.5*(1+(mn2/m02))A—O 5% (1+(1In/lo)~0.5* (mn2/mo2) ~0.25)"2;
psin2co2k = (1/8)70.5* (1+ (mn2/mco2))"

0.5*(1+(1n/1lc)”0.5* (mn2/mco2)~0.25)"2;

psin2h2o0k = (1/8)70.5* (1+ (mn2/mh20))"~-

0.5*(1+(1n/1ls)”0.5* (mn2/mh20) ~0. 25)A ;

psih2002k = (1/8)70.5* (1+ (mh20/mo2))

0.5*(1+(1ls/1o)”0.5* (mh20/mo2) ~0.25) "2;

psih2oco2k = (1/8)70.5* (1+ (mh20/mco2))~-

0.5*(1+(1s/1lc)”0.5* (mh20o/mco2)~0.25)"2;

psih2on2k = (1/8)70.5* (1+ (mh20/mn2) ) "~-

0.5*(1+(1ls/1n)”0.5* (mh20o/mn2)~0.25)"2;

%$Total in Gas Mixtures
% cpt = ((fo*cpo) /32+ (fn*cpn) /28+ (fc*cpc) /44+ (fs*cps)/18)*1000;
cpt = ((fo*cpo)+ (fn*cpn)+ (fc*cpc)+ (fs*cps));

cvt = (fo*cvo+fn*cvnt+fc*cvc+fs*cvs);

pt = p*mmix/r/Tm(i)*10"-3;

$Wassiljewa Equation with Mason-Saxena Formulation
igf(j+(0.85*(psichoZk*(fc/fo)+psioZn2k*(fn/fo)+psi02h20k*(fs/fo))))A—l;
igf(;+(0.85*(psicoZoZk*(fo/fc)+psic02n2k*(fn/fc)+psic02h20k*(fs/fc))))A—
Ine -

In* (1+(0.85* (psin202k* (fo/fn)+psin2co2k* (fc/fn)+psin2h2o0k* (fs/fn))) ) ~-1;
12£(§+(0.85*(psih2002k*(fo/fs)+psih20n2k*(fn/fs)+psih20002k*(fc/fs))))A—
1;

$Wilke mixture rule with Chapman-Enskog approximation

miuof = miuo* (1+ (psio2co2* (fc/fo)+psio2n2* (fn/fo)+psio2h20* (fs/fo)))" l
miucf = miuc* (1+ (psico202* (fo/fc)+psico2n2* (fn/fc)+psico2h20* (fs/fc))) "=
1;

miunf = miun* (1+ (psin202* (fo/fn)+psin2co2* (fc/fn)+psin2h2o0* (fs/fn)))"-1;

N

miusf = mius* (1+ (psih2002* (fo/fs)+psih2on2* (fn/fs)+psih2o0co2* (fc/fs)))
1;

if fn > O
miut = miuvof+miucf+miunf+miust;
1t = lof+lcf+lnf+lst;
elseif fn ==
1t = lof+lcf+lst;
miut = miuvof+miucf+miust;
end
$Diffusional coefficient

dco202 1.59E-5;
dh2002 = 2.44E-5;
dn202 = 2.02E-5;
do2n2 = 2.07E-5;

dco2n2 = 1.54E-5;
dh2on2 = 2.53E-5;
do2co2 = 0.8*do2n2;

dh2o0co2 = 0.8*dh2on2;
dn2co?2 = 0.8*dn202;
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do2h20 = 1.2*do2n2;
dco2h20 = 1.2*dco2n2;
dn2h20 = 1.2*dn202;

do2m = (1-fo)/ ((fc/do2co2)+ (fn/do2n2)+ (fs/do2h20)) ;
dn2m = l fn)/((fc/dn2c02 + (fo/dn202)+ (fs/dn2h20)) ;
dco2m = -fc)/ ((fo/dco202)+ (fn/dco2n2)+ (fs/dco2h20)) ;
dh2om = -fs)/ ((fc/dh2oco2)+ (fn/dh2on2) + (fo/dh2002)) ;
end

The above function can be invoked by:

clc

clear

fout = fopen('Dried Air.txt','w+');
inher = 0;

i=1;

mcoinput = 0.14;

%$Input Drying Model
fprintf ('Coal Moisture Content');
fprintf ('\nl.Air\n2.0xyl6\n3.0xy21\n4.0xy26\n5.0xy31");
comb = 1;
fprintf ('\nl.McIntosh model\n2.General Model\n');
Drying = 1;
fprintf (fout, 'Inherent Moisture\tDrying Time (ms)\tDrying
Distancel\tIgnition Time (ms)\tIgnition Distance\tDevolatilisation Temp\t
Ignition Delay (ms)\n'
while inher <mc01nput
[timedry,disdry, tdevol,disdevol, tempdevol, tignition, Tmf, index] =
Comb_ inherent (inher,mcoinput, comb,Drying) ;

a(i) = inher;
bb(i) = timedry*1000;
c(i) = disdry;
dd (i) = tdevol*1000;
e (i) = disdevol;
(1) = tempdevol;
(1) = tignition*1000;

fprintf (fout, "$10.4£\t%10.4£\t%10.4£\t%10.4£f\t%10.4£\t%10.4£\t%10.4f\n"'
a(i),bb(i),c(i),dd(i),e(i),£(1i),g(i));

inher = inher + 0.01;

i = 1+1;
end

fclose('all');
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D.2. MATLAB code to calculate the contribution of steam gasification
(Chapter 6)
Code for calculating the rate of steam gasification (Figure 6.2):

clc
clf
clear

Al = [3.58E6;4.26E4;2.61E5/60;3E9];
Eal = [206174/8.314;3.16E5/8.314;1.31E5/8.314;2.68E5/8.314];
T = linspace(400,1600,13);

shape (1,:) ='b-";
shape (2,:) ='r-";
shape (3,:) ='g-";
shape (4,:) ='m-"';

for i = 1l:length(Al)
Rate = Al (i)*exp(-Eal(i)./T);

semilogy (T,Rate, shape (i, :));
hold all
g(:,1) = T;
g(:,i+1l) = Rate;
end
xlabel ('Temperature(K) ') ;
ylabel ('log (A*exp(-Ea/RT))) (s-1)");

legend ('Our coal','Otto et al(1988)',"'Ye et al (1998)', 'Demineralized
Loy Yang Coal');

legend ('Location', 'East');

legend BOXOFF

Main Code for calculating the extent of steam gasification in air case:

function [tff,tpf,gsf,qgtf,qcf] =
Aircasemodel (mcoinput, comb, inher, alphas, alphac)

%0One-Dimensional Code for Coal Combustion and Gasification Study

diam = 0.000084;

$Problem Constant

hd = 2.26E6; $Heat of water evaporation (J/kgK)
hco = 9.208*10"%6; %$Heat of CO formation (J/kgK)

hed = 3.28*10"7; $Heat of CO2 formation (J/kgK)

hcdg = 1.438*10"7; $Heat of CO2 gasification (J/kgK)
hsg = 1.094*10"7; $Heat of steam gasification (J/kgK)
hh = 1.43*10"8; $Heat of H2 combustion (J/kgK)
hpyro = 8.37*10"5; $J/kgK of coal

hms = 1.145*10"7; %$Methane Steam Reforming Endothermic Reaction
(J/kgK)

e = 0.8; %$Particle Emissivity

sig = 5.67E-8; %$Stefan-Boltzmann Constant
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tw = 773; $Wall temperature (K)

r = 8.314; %Universal gas constant (J/kgK)
cpcoal = 1150; $Lignite Heat Capacity from Fluent (J/kgK)
pdried = 1150; $Dried Coal Density (kg/m3)

ta = 365; $Wet bulb temperature (K)

na = 0.3468; $Total Time in air (s)

no = 0.4132; $Total Time in CO2 (s)

fv = 0.4495; %$Volatile Fraction in air-dried
fvdb = fv/0.88; %Vol Fractionin dry Dbasis

P = 101325; $Total Pressure (Pa)

dt = 0.00005; $Integration time step

hchar = 3.28E7; %$Heating value of Carbon Char (J/kg)

%$Coal Properties dried basis

FC = 0.470455; $Fixed carbon
VM = 0.510795; %$Volatile matter
A = 0.018750; %$Ash

C = 0.657; %$Carbon

H = 0.068; $Hydrogen

N = 0.06; $Nitrogen

S =0.05; %Sulphur

O = 0.258; s0xygen

%Method 1

$Conversion ratio btu/lb to kJ/kg

ratio = 2.326;

coalhhvdb = (146.58*C*100+568.78*H*100+29.4*3*100-6.58*A*100-
51.53% (O+N) *100) *ratio*1000;

coalhhvar = coalhhvdb* (1-mcoinput) ;

coallhvdb = coalhhvdb- (1+H/2*18) *hd;

coallhvar = coalhhvar-(1+H/2*18) *hd;

hvol2 = (coallhvar-(hchar*FC* (1-mcoinput)))/ (VM* (1-mcoinput)) ;

hvol3 = (coallhvdb- (hchar*FC)) /VM;

$Method 2

Cvol = C - FC;

hvol = ((3.55*Cvol”2-232*Cvol - 2230*H +51.2*Cvol*H+131*N +

20600)) *1000-hd;

if comb ==

fo = 0.2103;fn=0.4404;fc = 0.1644;fs = 0.1849;n = (0:dt:na);limit =

na;
elseif comb ==

fo = 0.1664;fn = 0;fc = 0.649;fs = 0.1846;n = (0:dt:no);limit

elseif comb ==

fo = 0.2157;fn = 0;fc = 0.5992;fs = 0.185;n = (0:dt:no);limit
elseif comb ==

fo = 0.2654;fn = 0;fc = 0.5492;fs = 0.1855;n = (0:dt:no);limit
elseif comb ==

fo = 0.3154;fn = 0;fc = 0.4989;fs = 0.1859;n = (0:dt:no);limit

end

%$Solution Initialization
tf = zeros(length(n),1l);tp

zeros (length(n),1);Tm

noy;

noy;

noy;

noy;

zeros (length(n),1);

tgas = zeros(length(n),1);

mv = zeros(length(n),1);

rat = zeros(length(n),1);

go = zeros(length(n),1l);gc = zeros(length(n),1l);gs = zeros(length(n),1l);
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gssurf = zeros(length(n),1);

gt = zeros(length(n),1);

devolrate = zeros(length(n),1);

area = zeros(length(n),1);

b = zeros(length(n),1);

psi = zeros(length(n),1);

vco = zeros (length(n),1l);vco2 = zeros(length(n),1);

hcomb = zeros(length(n),1l);mech = zeros(length(n),1);

distance = zeros(length(n),1);

nn = zeros (length(n),1l);dryrate = zeros(length(n),1l);totconv =
zeros (length(n),1);

massrem = zeros (length(n),1l);tc
zeros (length(n),1);

rate = zeros(length(n),1);

zeros (length(n), 1) ;reaction =

%$Input Parameter

d((l:length(n)),1l) = diam;

mco (l:length(n),1l) = mcoinput;

pwc = pdried* (l-mcoinput)+mcoinput*1000;

mdried = (pdried*3.14/6*diam”"3);

mi = (pdried*3.14/6*diam”3)+ (mcoinput*mdried/ (1-mcoinput)) ;
ft = fvdb*mdried;

unburnt = A*mdried;

carbon = mdried-ft-unburnt;

mt (l:length(n),1) = mi;
tp (1) = 298;

tf(2) = tf(l) +dt;
i=2;

iagain = 1;

m= 2;
err(l:length(n),1) = 0;

pchar = 615;%kg/m3

% %Input Drying Model

% fprintf ('\nl.McIntosh model\n2.General Model\n');
Drying = input('Drying model :');

Drying = 1;

oe

clc

fprintf ('Time Step: %6d%10s:%10.4f Total
Conversion:%10.4f\n',1, '"Exrror',0,0);
while iagain ==

if tf(i) ==
distance (i) = 0;

elseif tf(i) > 0 && tf(i) <= 0.048
if comb ==

distance (i) = (-
0.0003* (tf(1)*1000)"3+0.0411*(tf£(1)*1000)"2+0.7678* (tf£(1i)*1000) -

2.7809)/10;
elseif comb >=2&&comb<=5
distance (i) = (-0.0003* (tf(1)*1000)"34+40.0468* (tf(1)*1000)"2-

0.2070* (£t£(1)*1000)+1.0267)/10;

end

elseif tf(i)>0.048

if comb ==

distance (i) = (0.0041* (tf(i)*1000)"2+2.3791*(tf(1)*1000)-29.012)/10;

elseif comb >=2&&comb<=5
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distance (i) = (0.0045* (tf(i)*1000)"2+1.8867*(tf(i)*1000) -

37.528)/10;
end
end
if distance (i) < 0
distance (i) = distance(i-1)+0.0001;
end
if comb == 1
% tgas(l) = 414.96 + 820.13576;
% tgas (i) = 414.96 + 820.13576*exp(-distance (i) /30.77);
tgas (i) = -4259.2*tf (i) + 1232.3;
elseif comb >=2&&comb<=5
% tgas(l) = 276.465 + 930.52797;
% tgas (i) = 276.465 + 930.52797*exp (-distance (i) /43.834);
tgas (i) = -4756.4*tf (i) + 1265.4;
end%-- from if comb == 1 loop --%

if tgas (i) <=tw
tgas (i) = tw;
end

if tf£(1)<=0.0025

parvel = 0;
elseif tf(i)>0.0025
if comb ==

parvel = 0.7224*1log(tf(i)*1000)-0.1205;
elseif comb >=2&& comb <=5
parvel = 0.897*1log(tf(1)*1000)-1.3227;
end
end

%$Kinetic Parameter
%A is in s-1 and E is J/mole
$Devolatilisation

if comb ==
av = 104475.6;ev=66526.13;
elseif comb >=2&& comb <=5
av = 207744.8;ev=67785.7;
end
%Char oxidation kinetic
ao = 0.0024;e0 = 69060;
%C02 gasification kinetic
ac = 0.0053;ec = 125500;
%$Steam Gasification Kinetic
as = 3.6E6*pchar*d(1l);es = 206000;
$Arthur Coefficient for CO/CO2 Ratio
at = 2511.9;bt = 52080;

oe

o° o

o

%Guess the particle temperature at t + dt

tpi tp(i-1)+10;
err(i) = 1;
b(m) = 0;

%$Iterative procedure
for m = 1:10
%$Dimensionless Coefficient
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Tm(l) = (tpi+tgas(1l))/2;

Tm (1) (tpi+tgas(i))/2;

[miut, pt, cpt, 1t, doZm,dn2m,dc02m,dh20m,cvt] =
Gprop(Tm,i,fo,fs,fc,fn)

kdo = 24*do2m* (1/(293)71.75*1/r) ;kdc =
24*dco2m* (1/(293)"1.75*1/r)

kds = 24*dh2om* (1/ ( 293 ~1.75*1/r);
% psat = P*exp (hd/1000*%18/r* ((1/373)-(1/tpi)));

%$Dimensionless Correlation
gasvel = (11.7/60*107-3)* (tgas(i)/298)/(pi*0.115"2);
urel = abs(parvel gasvel) ;
Re = pt*urel*d (i) /miut;
Pr = cpt*miut/1lt;
Scs = miut/ (pt*dh2om) ;
Shs = 2 + 0.6*Re”0.5*Scs” (1/3)
kcs = Shs*dh2om/d (i)
Nu = 2 + ((0.555*Re”0.5*Pr"(1/3))/(1+(1.232*(1/Re)*(Pr)"~(-4/3)))"0.5);
h = Nu*lt/d(i);

%$Constant Calculation
area(l) = pi*d(1)"2;
area (i) = pi*d(i)"2

’

%$Rate of Drying

if Drying ==
nn(i) = (6*h*(tgas(i)-ta))/ (hd*pwc* (mco (1) / (l+mco(1l)))*d(i));
dryrate (i) = mco(l)*nn(i)*mi/area(i);
elseif Drying ==
dryrate (i) = h*(tgas(i)-ta)/hd;
end

%$Rate of Devolatilisation
kv (i) = av*exp(-ev/ ( *tpi));
devolrate (i) = kv (i)*(ft-mv(i)) /area (i) ;

%$Ratio of CO/CO2 produced at particle surface

rat (i) = at*exp(-bt/ (r*tpi));
psi(i) = 1/(l+rat(i));
vco(i) = 1-psi(i);vco2(i) = psi(i);

mech (i) = 2* (1-psi(i))+psi(i);

%$Kinetic and Diffusion Coefficient

ko (i) = ao*exp(-eo/ (r*tpi));
kc (i) = ac*exp(-ec/ (r*tpi));
ks (i) = as*exp(-es/ (r*tpi));
%ks (i) = 1.9E-3*pchar*diam/6/ (P*fs);
kdot (1) = mech (i) *kdo*Tm(i)"0.75/d (1) *1E-3;
kdct (1) kdc*Tm (1) *0.75/d (1) *1E-3;
kdst (1) = kds*Tm(i)"0.75/d (1) *1E-3;
hcomb (1) = hed* ((2/mech(i))-1)+hco* (2-(2/mech(i)));
go(i) = 1/((1/kdot(i))+(1/ko(i)))*fo*P;
gc (i) = alphac*1/((1/kdct(i))+(1/kc(i)))*fc*P;
gs (i) = alphas*1/((1/kdst(i))+(1/ks(i)))*fs*P;
gt (i) = go(i)+gc(i)+gs(i);
reaction (i) = -devolrate(i-1)*area(i-1)*hpyro +go(i-1) *hcomb (i-

1)-gc(i-1) *hcdg-gs (i-1) *hsg;

288



rate (i) = devolrate(i-1)*area(i-1)*dt+gt(i-1)*area(i-1) *dt;

% Transient Code algorithm
if mco(i-1) > inher
if tp(i-1) < ta
tp(i) = tp(i-1) + area(i-1)/ (mt(i-
1) *cpcoal) *dt* (e*sig* (tw"4-tp(i-1) *4)+h* (tgas (i-1)-tp(i-1)));
elseif tp(i-1) >= ta
mt (i) = mt(i-1)-(dryrate(i-1)*dt*area(i-1));
tp(i) = tp(i-1) + area(i-1)/ (mt(i-
1) *cpcoal) *dt* (e*sig* (tw"4-tp(i-1) *4)+h* (tgas (i-1)-tp(i-1)) -dryrate (i-
1) *hd);
mco (i) = (mco(i-1)*mt(1l)-dt*dryrate(i-1)*area(i-1))/mt(1);
if tp(i)<ta

tp (i) = ta;
end
end
if mco (i) < inher
mco (1) = inher;
end

timedry = tf(i);
disdry = distance(i);
elseif mco(i-1)<=inher

mco (1) = inher;
mv(i) = mv(i-1)+devolrate(i-1)*area (i-1) *dt;
if mv(i-1) >= ft
mt (i) = mt(i-1)-rate(i-1)+devolrate (i-1)*area (i-1)*dt;
else
mt (i) = mt(i-1)-rate(i-1);
end
tp(i) = tp(i-1) + area(i-1)/ (mt(i-

1) *cpcoal) *dt* (e*sig* (tw"4-tp(i-1) *4)+h* (tgas(i-1)-tp(i-1) ) +reaction (i-
1))
d(i) = d(i-1)-2*go(i-1) *dt/pdried;
if mt (i) <= unburnt,break,end
end%-- exit from if mco < inher loopx
err = abs((tp(i)-tpi)/tpi);
tpi = tp(i);

tgasi = tgas(i);
totconv (i) = (mi-mt(i))/mi;
end%-- Exit from for m= 1:50 loop
if 1 == 2400
1tf = 1t;
cpf = cpt;
end

fprintf ('Time Step: %$6d%10s:%10.4f Total
Conversion:%10.4f\n', i, '"Error',err,totconv(i));

i = i+1;
if distance(i-1) <= 100
iagain = 1;
tf(i) = tf(i-1)+dt;
if mt(i-1) <= unburnt
iagain = 0;
i =1i-1;
end
if tf(i) >=0.055
iagain = 0;
i =1i-1;
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end
else
i =1i-1;

iagain = 0;

end% -- Exit from if i > length (n)

z = 1i;

end%-- From while iagain

$Final Solution

tff = tf(1:1,1);tpf
mtf = mt(l:i,1),;mvf
go(l:1i,1);q9ct
df = d(1:1i,1);areaf

gof

tp(l:1,1);

v(l:1,1);mcof = mco(l:1,1);
qgc(l:1,1);g9sf = gs(l:1i,1);gtf = gt(1:1i,1);
area(l:1,1);tgasf = tgas(l:1,1);

devolratef = devolrate(l:i,1);distancef = distance(l:i,1);

totconvf = totconv(l:1i,1);

maxrate?2 = gradient (devolratef,tff);
maxrate = gradient (maxrate2,tff);
index = find(maxrate==max (maxrate));

tdevol = tff (index);
tempdevol = tpf (index);

disdevol = distancef (index) ;

A = 5.012E11;%Fluent
Ea = 200000;%Fluent
[miutff,ptff,cptff,ltff,do2mff,dn2mff, dco2mff,dh2omff,cvtff]

2.119E11;
202700;

Gprop (Tm, index, fo, fs, fc, fn) ; $J/molK
tignition = cvtff* (Tm(index)"2*r/Ea)/ (hvol/18*0.33*A*exp (-

Ea/ (r*Tm(index))));

fprintf ("\nEnd of Calculation\n');

Main code to calculate the extent of steam gasification in oxy-fuel mode:

function[tpf, tff]

%0One-Dimensional Code for Coal Combustion and Gasification Study

diam = 0.000084;

Comb_ function (mcoinput, comb, alphac,alphas,Drying)

alphao = l-alphac-alphas;

if mcoinput == 0.14

inher = 0.098;

elseif mcoinput ==

inher = 0.176;

elseif mcoinput ==

inher = 0.27;
end

$Problem Constant
hd = 2.26E6;
hco = 9.208*10"6;

hcd = 3.28*10"7;
hcdg = 1.438*10"7;
hsg = 1.094*10"7;
hpyro = 8.37*10"5;
e = 0.8;

sig = 5.67E-8;

tw = 773;

0.22

0.3

$Heat of water evaporation (J/kgK)
%$Heat of CO formation (J/kgK)

$Heat of CO2 formation (J/kgK)
$Heat of CO2 gasification (J/kgK)
$Heat of steam gasification (J/kgK)
$J/kgK of coal

$Particle Emissivity
$Stefan-Boltzmann Constant

%Wall temperature (K)
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r = 8.314; %Universal gas constant (J/kgK)

cpcoal = 1150; %Lignite Heat Capacity from Fluent (J/kgK)
pdried = 1150; $Dried Coal Density (kg/m3)

ta = 365; SWet bulb temperature (K)

na = 0.3468; $Total Time in air (s)

no = 0.4132; $Total Time in CO2 (s)

fv = 0.4495; %$Volatile Fraction in air-dried

fvdb = fv/0.88; %Vol Fractionin dry Dbasis

P = 101325; %$Total Pressure (Pa)

dt = 0.00005; $Integration time step

hchar = 3.28E7; %$Heating value of Carbon Char (J/kg)

%$Coal Properties dried basis

FC = 0.470455; $Fixed carbon
VM = 0.510795; %$Volatile matter
A = 0.018750; %$Ash

C = 0.657; %Carbon

H = 0.068; $Hydrogen

N = 0.06; $Nitrogen

S =0.05; %Sulphur

O = 0.258; s0xygen

%Method 1

$Conversion ratio btu/lb to kJ/kg

ratio = 2.326;

coalhhvdb = (146.58*C*100+568.78*H*100+29.4*3*100-6.58*A*100-
51.53*% (O+N) *100) *ratio*1000;

coalhhvar = coalhhvdb* (1-mcoinput) ;

coallhvdb coalhhvdb- (1+H/2*18) *hd;

coallhvar = coalhhvar-(1+H/2*18) *hd;

hvol2 = (coallhvar-(hchar*FC* (1-mcoinput)))/ (VM* (1-mcoinput)) ;

hvol3 = (coallhvdb- (hchar*FC)) /VM;

$Method 2

Cvol = C - FC;

hvol = ((3.55*Cvol”"2-232*Cvol - 2230*H +51.2*Cvol*H+131*N +

20600)) *1000-hd;

if comb ==

fo = 0.2103;fn=0.4404;fc = 0.1644;fs = 0.1849;n = (0:dt:na);limit =

na;
elseif comb ==

fo = 0.1664;fn = 0;fc = 0.649;fs = 0.1846;n = (0:dt:no);limit
elseif comb ==

fo = 0.2157;fn = 0; fc
elseif comb ==

fo = 0.2654;fn = 0;fc = 0.5492;fs = 0.1855;n = (0:dt:no);limit
elseif comb ==

fo = 0.3154;fn = 0; fc
end

0.5992; fs 0.185;n (0O:dt:no);limit

0.4989; fs 0.1859;n (0O:dt:no);limit

%$Solution Initialization
tf = zeros(length(n),1l);tp

zeros (length(n),1);Tm

noy

no;

noy;

noy;

zeros (length(n),1);

tgas = zeros(length(n),1);

mv = zeros(length(n),1);

rat = zeros(length(n),1);

go = zeros(length(n),1l);qgc = zeros(length(n),1l);gs = zeros(length(n),1l);

gt = zeros(length(n),1);

291



devolrate = zeros(length(n),1);

area = zeros(length(n),1);

b = zeros(length(n),1);

psi = zeros(length(n),1);

vco = zeros (length(n),1l);vco2 = zeros(length(n),1);

hcomb = zeros(length(n),1l);mech = zeros(length(n),1);

distance = zeros(length(n),1);

nn = zeros (length(n),1l);dryrate = zeros(length(n),1l);totconv =

zeros (length(n),1);

massrem = zeros (length(n),1);tc
zeros (length(n),1);

rate = zeros(length(n),1);

zeros (length(n), 1) ;reaction =

%Input Parameter

d((l:length(n)),1l) = diam;

mco (l:length(n),1l) = mcoinput;

pwc = pdried* (l-mcoinput)+mcoinput*1000;
mdried = (pdried*3.14/6*diam"3);

mi = (pdried*3.14/6*diam”3)+ (mcoinput*mdried/ (1-mcoinput)) ;
ft = fvdb*mdried;

unburnt = A*mdried;

carbon = mdried-ft-unburnt;

mt (1:length(n),1l) = mi;

tp(l) = 298;

= tf (1) +dt;

o+
Hh

|~ —~
N

m= 2;
err(l:length(n),1l) = 0;
pchar = 615;%kg/m3

fprintf ('Time Step: %6d%10s:%10.4f Total
Conversion:%10.4f\n',1, '"Error',0,0);
while iagain ==

if tf(i) == 0
distance (i) = 0;

elseif tf (i) > 0 && tf (i) <= 0.048
if comb ==

distance (i) = (-
0.0003*(tf(1i)*1000)"3+0.0411*(tf(1i)*1000)"2+0.7678* (tf£(1i)*1000) -

2.7809)/10;
elseif comb >=2&&comb<=5
distance (i) = (-0.0003* (tf(1)*1000)"34+40.0468* (tf(1)*1000)"2-
0.2070* (££(1)*1000)+1.0267)/10;
end
elseif tf(i)>0.048
if comb ==
distance (i) = (0.0041* (tf(1)*1000)"2+2.3791*(t£(1)*1000)-29.012)/10;
elseif comb >=2&&comb<=5
distance (i) = (0.0045* (tf(1)*1000)"2+1.8867* (tf(1)*1000) -
37.528)/10;
end
end
if distance (i) < 0
distance (i) = distance(i-1)+0.0001;
end
if comb ==
% tgas (1) = 414.96 + 820.13576;
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o

o\

o\

o

o° oo

oe

tpi

tgas (i) = 414.96 + 820.13576*exp(-distance (i) /30.77);

tgas (1) -4259.2*tf (1) + 1232.3;
elseif comb >=2&&comb<=5
tgas(l) = 276.465 + 930.52797;
tgas (i) = 276.465 + 930.52797*exp (-distance (i) /43.834);
tgas (i) = -4756.4*tf (i) + 1265.4;
end%-- from if comb == 1 loop --%

if tgas (i) <=tw
tgas (i) = tw;
end

if tf£(1)<=0.0025

parvel = 0;
elseif tf(i)>0.0025
if comb ==

parvel = 0.7224*1log(tf(i)*1000)-0.1205;
elseif comb >=2&& comb <=5
parvel = 0.897*log(tf(i)*1000)-1.3227;
end
end

$Kinetic Parameter
%A is in s-1 and E is J/mole
$Devolatilisation

if comb ==
av = 104475.6;ev=66526.13;
elseif comb >=2&& comb <=5
av = 207744.8;ev=67785.7;
end
$Char oxidation kinetic
ao = 0.0024;e0 = 69060;
%C02 gasification kinetic
ac = 0.0053;ec = 125500;
$Steam Gasification Kinetic
as = 3.6E6*pchar*d(1l);es = 206000;
$Arthur Coefficient for CO/CO2 Ratio
at = 2511.9;bt = 52080;

%Guess the particle temperature at t + dt

tp (1-1)+10;
err(i) = 1;
b(m) = 0;

%$Iterative procedure
for m = 1:10
%$Dimensionless Coefficient
Tm(1l) = (tpi+tgas(1l))/2;
Tm (i) = (tpi+tgas(i))/2;
[miut, pt,cpt,1lt,do2m,dn2m,dco2m,dh2om, cvt] =

Gprop (Tm, i, fo,fs, fc, fn);

kdo 24*do2m* (1/(293)71.75*1/r) ;kdc =

24*dco2m* (1/(293)"1.75*1/r) ;

S
°

kds = 24*dh2om* (1/(293)"1.75*1/x);

psat = P*exp (hd/1000*18/r* ((1/373)-(1/tpi)));
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%$Dimensionless Correlation
gasvel = (11.7/60*%107-3)* (tgas(i)/298)/(pi*0.115"2);
urel = abs (parvel-gasvel);
Re = pt*urel*d (i) /miut;
Pr = cpt*miut/1lt;
Scs miut/ (pt*dh2om) ;
Shs = 2 + 0.6*Re”0.5*Scs”™(1/3);
kcs = Shs*dh2om/d (i) ;

Nu = 2 + ((0.555*Re”0.5*Pr"~(1/3))/(1+(1.232*(1/Re) *(Pr)"(-4/3)))"0.5);

h = Nu*lt/d(i);
%$Constant Calculation
area(l) = pi*d(1)"2;

area (i) = pi*d(i)"2;

%$Rate of Drying

if Drying ==
nn(i) = (6*h*(tgas(i)-ta))/ (hd*pwc* (mco (1) / (1l+mco(1l)))*d(i));
dryrate (i) = mco(l)*nn(i)*mi/area(i);
elseif Drying ==
dryrate (i) = h*(tgas(i)-ta)/hd;
end

%$Rate of Devolatilisation
kv (i) = av*exp(-ev/ (r*tpi)):;
devolrate (i) = kv (i)* (ft-mv(i))/area (i);

$Ratio of CO/CO2 produced at particle surface

rat (i) = at*exp(-bt/ (r*tpi));
psi(i) = 1/ (l+rat(i));

veco (i) = l-psi(i);vco2(i) = psi(i);

mech (i) = 2*(l-psi(i))+psi(i);

$Kinetic and Diffusion Coefficient

ko (i) = ao*exp(-eo/ (r*tpi));
kc (i) = ac*exp(-ec/ (r*tpi));
ks (i) = as*exp(-es/ (r*tpi));
%$ks (i) = 1.9E-3*pchar*diam/6/ (P*fs);
kdot (1) = mech(i)*kdo*Tm(i)~0.75/d (i) *1E-3;
kdct (1) = kdc*Tm(i)~0.75/d (i) *1E-3;
kdst (1) = kds*Tm(i)~0.75/d (i) *1E-3;
hcomb (i) = hcd* ((2/mech (1)) -1)+hco* (2-(2/mech(1)));
go(i) = 1/((1/kdot(i))+(1/ko(i)))*fo*P;
gc (i) = alphac*1/ ((1/kdct(i))+(1/kc(i)))*fc*P;
gs (i) = alphas*1/((1/kdst(i))+(1/ks(i)))*fs*P;

gt (1) go (i) +gc(i)+gs(i);

reaction (i) = -devolrate(i-1)*area(i-1)*hpyro +go(i-1) *hcomb (i-

1)-gc(i-1) *hcdg-gs (i-1) *hsg;
rate (i) = devolrate(i-1)*area(i-1)*dt+gt(i-1)*area(i-1) *dt;

% Transient Code algorithm
if mco(i-1) > inher
if tp(i-1) < ta
tp(i) = tp(i-1) + area(i-1)/ (mt(i-
1) *cpcoal) *dt* (e*sig* (tw"4-tp(i-1) *4)+h* (tgas (i-1)-tp(i-1)));
elseif tp(i-1) >= ta
mt (1) = mt(i-1)-(dryrate(i-1) *dt*area(i-1));
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1) *cpcoal) *dt* (e*sig*

1) *hd);
mco (1) =
if tp(i)<ta

(mco (1-1) *mt (1)

) = tp(i-1)
(tw™4d-tp (i-1)

tp (i + area(i-1)

~4)+h* (tgas (i-1)

-dt*dryrate (i-1) *area (i-

/ (mt

(i-

-tp(i-1))-dryrate (i-

) /mt (1)

tp (i) = ta;
end
end
if mco (i) < inher
mco (1) = inher;
end
timedry = tf(i);
disdry = distance(i);
elseif mco(i-1)<=inher
mco (1) = inher;
mt (1) t(i-1)-rate(i-1);
mv (i) = mv(i-1)+devolrate (i-1) *area (i-1) *dt;
tp(i) = tp(i-1) + area( 1)/ (mt (i-1) *cpcoal) *dt* (e*sig* (tw™4d-tp (i-
1)~4)+h* (tgas (i-1) -tp(i- 1))+reaction(i—1));
d(i) = d(i-1)- 2*qo(i—1)*dt/pdried;
if mt (i) <= unburnt,break,end
end%-- exit from if mco < inher loopx
err = abs((tp(i)-tpi)/tpi);
tpl = tp(i);
tgasi = tgas(i);
totconv (i) = (mi-mt(i))/mi;

end%-- Exit from for m= 1:50 loop

i)

if i == 2400
1tf = 1¢t;
cpf = cpt;
end
fprintf ('Time Step: %6d%10s:%10.4f Total
Conversion:%10.4f\n', i, '"Error',err, totconv (
i = i+1;
if distance(i-1) <= 100
iagain = 1;
tf(i) = tf(i-1)+dt;
if mt(i-1) <= unburnt
iagaln = 0;
i =1i-1;
end
if tf (i) >=0.0507
iagain = 0;
i = 1-1;
end
else
i =1i-1;
iagain = 0;
end% -- Exit from if i > length (n)
z = 1i;
end%-- From while iagain ==

$Final Solution

tff = t£(1:1,1);tpf = tp(l:i,1);

mtf = mt(l:i,1);mvf = mv(l:i,1);mcof = mco(l:1i,1);

qof = gqo(l:1,1);g9cf = gc(l:1,1);gsf gs(l:1,1);qgtf = gt(1l:1,1);
df = d(1:i,1);areaf = area(l:i,1);tgasf = tgas(l:1i,1);
devolratef = devolrate(l:i,1);distancef = distance(l:1i,1);
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totconvf

totconv(l:1i,1);

maxrate?2 = gradient (devolratef,tff);
maxrate = gradient (maxrate2,tff);
index = find(maxrate==max (maxrate)) ;

tdevol = tff (index);

tempdevol = tpf (index);

disdevol = distancef (index) ;

A = 5.012E11;%Fluent = 2.119E11;
Ea = 200000;%Fluent = 202700;

[miutff,ptff,cptff,l1tff,do2mff,dn2mff,dco2mff,dh2omff,cvtff]

Gprop (Tm, index, fo, fs, fc, fn) ; $J/molK

tignition = cvtff* (Tm(index)"2*r/Ea)/ (hvol/18*0.33*A*exp (-

Ea/ (r*Tm(index)))) ;
fprintf ("\nEnd of Calculation\n');

The function above can be invoked by:

clc
% clf
clear

fprintf ('\nl.Air\n2.0xyl16\n3.0xy21\n4.0xy26\n5.0xy31");

comb = 1;

mcoinput = 0.166;

oe

FXJC

oe

o

$BC
mcoinput
alphac = 1;
if mcoinput
inher =

o oo oe o°
Il

o

inher =

oe

oe

inher =
end
inher = 0.1;

oe

elseif mcoinput
0.27;

mcoinput = 0.262;
0.058;

0.14
0.098;
elseif mcoinput == 0.22
0.176;

== 0.3

alphas = linspace(0,1,100);

if comb ==

a = 609;

b = 771;

c = 707;
elseif comb ==

o oo
n
jogey
[T
T T
® O

oe
]
oy
0]
o]
(0]

~
e o
—_ — — —

oe
]
oy
0]
o]
(0]

2] |comb == 3| |comb == 4| |comb ==
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([t

Comb_function (mcoinput, comb, inher,alphas (i),alphac);

o

%

tp
g(i,1)
CcO
h (
CcO
3 (

o° 0O od° o° oe

o

end

ff,tpf,gsf,qtf,qcf] =

plot (t££*1000, tpf, shape (i, :))
hold all

= tpf(c);

= tp;

ntri = gsf(c)/gtf(c);

i,1) = contri;

ntrico = gcf(c)/qgtf(c);
i,1) = contrico;

contri50 = gsf (b)/gtf (b);
k(i,1) = contri5O0;
contrico50 = gcf (b)/gtf(b);
1(i,1) = contrico50;
tp2 = tpf(b);
m(i,1l) = tp2;

297



D.3. MATLAB code to predict the ignition time of dense coal particle stream
in a cylindrical cloud (Chapter 7)
Gas Composition in the furnace:

function [f] = gascomposition (steam,oxyfuel, comb)
% Steam option include 1. Without Steam Injection, 2. With Steam
Injection
Oxy-Fuel option: 1. Conventional Air, 2. Oxy-Fuel Combustion
% Comb option: 1. 21%02, 2. 25%02, 3. 30%02
if steam ==
fs = 0.13;
if oxyfuel ==
fc = 0.12;
if comb ==
fo = 0.21;fn
elseif comb ==
fo = 0.25;fn = 0.5;
elseif comb ==

o\

Il
o

.54;

fo = 0.30;fn = 0.45;
end
elseif oxyfuel == 2
fn = 0;
if comb == 1

fo = 0.21;fc = 0.65;
elseif comb ==

fo = 0.25;fc = 0.62;
elseif comb ==

fo = 0.30;fc = 0.57;

end
end
elseif steam == 2
fs = 0.26;
if oxyfuel ==
fc = 0.1;
if comb ==

fo = 0.21;fn
elseif comb ==
fo = 0.25;fn = 0.39;

Il
o

.42;

elseif comb == 3
fo = 0.30;fn = 0.34;
end
elseif oxyfuel == 2
fn = 0;
if comb == 1

fo = 0.21;fc = 0.53;
elseif comb ==

fo = 0.25;fc = 0.49;
elseif comb ==

fo = 0.30;fc = 0.44;

end
end
end
f = [fo;fn;fc;fs];
end
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Code to calculate reaction rate in gas phase:

function grate =

gasreac (yo2,yn2,yco2,yh2o0,ych4,yco,yh2,Tm,oxyfuel,cloudvol, rho)

%$This function file is to calculate the rate of gas-phase reaction rate
%Reaction 1: CO + 1/202 --> CO2

%$Reaction 2: CH4 + 1.502 --> CO + 2H20
%$Reaction 3: CO + H20 --> CO2 + H2
$Reaction 4: H2 + 0.502 --> H20
%$Reaction 5: C0O2 --> CO + 0.502

% totaln = 41.5/24;

% Conv = totaln*107-3*cloudvol/0.0415;
% Conv = 101325*cloudvol/8.314/273;

totalmol= yo2*32+yco2*44+yh20*18+ych4*16+yco*44+yh2*2+yn2*28;

if yh2 <O
yvh2 =0;

end

if vh2o <0
yh2o0 =0;

end

if yco <O
yco =0;

end

if yco2 <0
yco2 =0;

end

if yo2 <0
yo2 =0;

end

if ych4 <O
ychd =0;

end

$Mass source (kmol/m3s)

qgch4 = 5.03ell*exp (-

200000/8.314/Tm) * (ychd*rho/totalmol) ~0.7* (yo2*rho/totalmol) ~0.8;
gh2 = 3.48el3*exp(-47907/Tm) * (yh2o*rho/totalmol) ;

gshift = 6.71lelO*exp (-

13688/Tm) * (yco2*rho/totalmol) * (yh2*rho/totalmol) ~0.5;

$0Oxidation mechanism in oxy-fuel atmosphere (kmol/m3s)
if oxyfuel ==
gco = 2.239%12%exp (-
170000/8.314/Tm) * (yco*rho/totalmol) * (yo2*rho/totalmol) ~0.25* (yh2o*rho/to
talmol)~0.5;

gco?2 = 0;
elseif oxyfuel ==
gco = 2.239%e6%exp (-

41800/8.314/Tm) * (yco*rho/totalmol) * (yo2*rho/totalmol) ~0.25* (yh2o*rho/tot
almol) ~0.5;

gco?2 = 1.1el3*Tm" (-0.97) *exp (-
328000/8.314/Tm) * (yco2*rho/totalmol) * (yo2*rho/totalmol) ~—
0.25* (yh2o*rho/totalmol) ~0.5;
end

grate(:,1) = gco;
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grate(:,2) = qgch4;
grate(:,3) = gshift;
grate(:,4) = gh2;
grate(:,5) = gco2;

Reaction rate in particle phase:

function g = prate(tpi,do2m,dco2m,dh2om,Tm,d, yo2, yco2,yh20)

%1 denote oxidation reaction
%2 denote char CO2 gasification reaction
%3 denote char steam gasification reaction

%Char oxidation kinetic
$Activation energy unit in J/mole
$Pre-exponential constant unit in kg/m2sPa

ao = 0.0024;eo0 = 69060;

ac = 0.0053;ec = 125500;

as = 2.09e6*615*%8.4e-5/101325;es = 203802.7;
R = 8.314;

P = 101325;

%$Particle phase equation

ko = ao*exp (-eo/ (R*tpi));

ke = ac*exp (-ec/ (R*tpi));

ks = as*exp (-es/ (R*tpi));

kdo = 2*24*do2m* (1/(293)71.75*1/R) *Tm"~0.75/d*1E-3;
kdc = 24*dco2m* (1/(293)71.75*1/R) *Tm"~0.75/d*1E-3;
kds = 24*dh2om* (1/(293)71.75*1/R) *Tm"~0.75/d*1E-3;
qo = 1/((1/kdo)+(1/ko)) *yo2*P;

qc = 1/((1/kdc)+(1/kc)) *yco2*P;

as = 1/((1/kds)+(1/ks)) *yh20*P;

q(:,1) = go;

a(:,2) = gc;

a(:,3) = gs;

end

Code for calculating mass source in gas phase:

function Source = msourcep (go,qch4,area,ndens)
$First column indicates mass sources for 02
%$Second column indicates mass sources for CH4
%$Third column indicates mass sources for CO
$Fourth column indicates mass sources for H20

Source (1) = -go*area/12/2 -2*gch4; %$Sources in kmol/s
Source (2) = gv-gch4;
Source (3) = qgo;

Main Code for Combustion calculation in cylindrical cloud :

function tignition = groupND (ndens)

%

%$Input constant
massp = le-3/6; $Total Mass (kg)
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A = -0.1 ; %Gas velocity (m/s)

rad = 0.005 ; $Reaction Zone Radius (m)

Rc = 0.002 ; %$Cloud Radius (m)

L = 0.3 ; %Cloud Length (m)

pcoal = 1200 ; %Coal Density (kg/m3)

diam = 8.4e-5; $Particle Diameter (m)

tgasi = 300 ; %$Initial Gas Temperature (K)
tgas = 1200 ; %Gas Temperature (K)

tpi = 300 ; %Reference Temperature (K)

P = 101325; %Absolute pressure (kg/m2s2)
R = 8.314 ; %$Gas constant

$Enthalphy Value of Reaction (J/kmole)

ho = 1.11e8;%C+02->CO (EX)

hc = 1.75e8;%C+C02-->2CO (END)

hs = 1.3e8 ;%C+H20-->CO+H2 (END)

hm = 8.89e8;%CH4+202-->C02+2H20 (EX)

hco = 2.83e8;%2C0+02-->2C02 (EX)

hh = 2.86e8;%H2+1/502-->H20 (EX)

hcorev 2.83e8;%C02-->C0+0.502

hcs = 4.13e7;%CO+H20-->C02+H2 (EX)

%$Gas composition and input

$fprintf ('\nSteam Injection option\n\nl.Without Steam Injection\n2.With

Steam Injection\n');
$steam =

input ('Steam injection option =');

$fprintf ("\nCombustion option\n\nl.Conventional Air\n2.0xy-Fuel

Combustion\n') ;

\n2.25%%\n3.30%%\n") ;

$oxyfuel = input ('Combustion mode ='");
$fprintf ('\nOxygen Concentration\n\nl.20%%
$comb = input ('Combustion mode ="');

steam = 2;oxyfuel = 1; comb = 1;

f = gascomposition (steam, oxyfuel, comb) ;

%Calculated Constant

tspan = linspace(0,0.2,100000)

h = tspan(2)-tspan(l)

n = length (tspan)

r = linspace(0,rad,101)

Cloud (m)

m = length(r)

rspan = r(2)-r(l)

Rmix = £(1)*32+£(2)*28+£(3) *44+£(4) *18
mixture

Rspec = R/Rmix

specific mixture

areap = pi*diam~2/4

pvol = 4/3*pi*(diam/2)"3

(m3)

cloudvol= pi*rad”2*L

cloud (m3)

ndens = 1E7;

37 = find(r==Rc)

%$Particle Phase Input

fv = 0.4495 ;
cpcoal = 1150 ;

;$Time Span (s)

;%Delta t (s)

;%Total time indices
;%Radius of cylindrical

;$Total position indices
;%Delta r (m)
;%¥Molecular mass of gas

;%Universal gas constant for

;$Area of single particle
;%Volume of 1 coal particle

;$Volume of cylindrical

;%Cloud Boundary

$Volatile mass fraction (ar)
%$Lignite heat capacity (J/kgK)
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devolrat= 0

Rate

e = 0.8

sig = 5.67e-8

smass = pcoal*4/3*3.14* (diam/2) "3
ft = fv*smass

A = 0.01875

unburnt = A/ (1-0.14) *smass

pcoal = 1150

%$Reference value
Tm (tpi+tgas) /2
pref P/Rspec/tpi

[miut, pt, cpt,1lt,do2m,dn2m,dco2m, dh2om, cvt]

Gprop (Tm, £(1),£(2),£(3),£(4));

tmass

$Array Initialization

tg =ones (m,n) *tgasi;
tp =ones(n,1l) *tpi ;
mt =ones (n, 1) *pt/ndens;
yo2 =zeros (m,n) ;
yn2 =zeros (m,n) ;
yco2 =zeros (m,n) ;
yh2o =zeros (m,n) ;
ych4 =zeros (m,n) ;
yCo =zeros (m,n) ;
yh2 =zeros (m,n) ;
rho =ones (m,n) *pt ;
mv =zeros (n, 1) ;

$Boundary Condition

yo2 (m, :) =f(1l)*32/tmass
fraction

yn2 (m, :) =f(2)*28/tmass
fraction

yco2 (m, :) =f(3)*44/tmass
yh2o (m, :) =f(4)*18/tmass
ych4 (m, :) =0

yco (m, ) =

yh2 (m, :) =

tg(m, :) =tgas

%$Source Boundary Condition

wm (jj:m)

$Initial Condition

yo2 (:,1) =f (1) *32/tmass
yn2 (:,1) =f(2)*28/tmass
fraction

yco2(:,1) =f(3)*44/tmass
vh2o(:,1) =f (4)*18/tmass

tg(jj+l:m,1)=tgas

; $Boundary
; $Boundary

; $Boundary
; $Boundary
; $Boundary
; ¥Boundary
; ¥Boundary
; $Boundary

; ¥Boundary

;%Initial
;%Initial

;%Initial
;%Initial
;%Initial

; %$Initial Coal Devolatilisation

; %$Particle Emissivity

; %Stefan Boltzmann Constant

; %Mass of Single particle (kqg)

; %$Mass of Volatiles in cloud (kg)
; %$Ash mass fraction dried basis
; %Mass of unburnt fraction

; %Coal Density

; %$Mean Temperature

(kg/m3)

(K)

; %Reference density value

£(1)*32+£(2)*28+£(3) *44+£ (4) *18;

Condition

Condition

Condition
Condition
Condition
Condition
Condition
condition

Condition

Condition
Condition

condition
condition
Condition

for

for

for
for
for
for
for
for

for

for
for

for
for
for

Oxygen Mole
Nitrogen Mole

C0O2 Mole fraction
Steam Mole fraction
CH4 Mole fraction
CO Mole fraction

H2 Mole fraction
gas temperature

mass source

Oxygen mole fraction
Nitrogen mole

CO2 mole fraction

Steam mole fraction
gas temperature
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q =zeros (3,1) ;%Initial condition for particle oxidation

rate
lambda = v*h/(rspan) ;
tign zeros(n,1);

for j = 1:n/2-1 % Position as row
for i = 2:m-1 Time as column
tmass
=yo02(i,J)*32+yco2(i,]) *44+yh20(i,]) *18+ychd (i,]j) *16+yco(i, ) *28+yh2 (i
*2+yn2 (i, J) *28;

o

hconv =2*1t/diam ; % Convective heat transfer
coefficient

Tm =(tp(J)+tg(i,J))/2;

Yo =yo2 (i, J) *tmass/32 ;

ycd =yco2(i,J) *tmass/44 ;

vho =yh20(i,Jj)*tmass/18 ;

ych =ych4 (i,3) *tmass/16 ;
yC =yco(i,J) *tmass/28 ;

vh =yh2 (i, J) *tmass/2 ;

yn =yn2 (i, j) *tmass/28 ;

%Gas phase Reaction Rate (kmol/m3s)

grate =
gasreac (yo, yn,ycd, yho, ych, yc, yh, Tm, oxyfuel, cloudvol, pt) ;
gaso? = 32* (-grate(l) *0.5-grate(2)*1.5-
grate (4) *0.5+grate (5) /2) ;
gasco?2 = 44* (grate(l)+grate(3) -
grate(5)) ;
gash2o = 18* (grate(2) *2-
grate (3) +grate (4)) ;
gash? = 2* (grate(3) -
grate(4)) ;
gasco = 28* (-grate(l)+grate(2) -
grate (3) +grate (5)) ;
gaschi4 = 16* (-
grate(2)) ;

%Source Term Boundary Condition

wm(l:373) =(gq(l)+g(2)+g(3)) *areap*ndens+devolrat*ndens
reac(l:3j) =gaso2-

0.5*%32/12*g (1) *areap*ndens ;
reacd(l:jj) =gasco2-

44/12*q(2) *areap*ndens ;

reaco (1l:373)

=gasco+ (28/12*g(1)+2*28/12*q(2)+28/12*q(3)) *areap*ndens ;
reaho(l:jj) =gash2o-

18/12*g(3) *areap*ndens ;
reah(1:373)

=gash2+2/12*q(3) *areap*ndens ;
ream(l:37)

=gasché4+devolrat*ndens ;
reac(jj+l:m)

=gaso?2 ;

7 J)
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reacd (jJj+1:m)

=gasco?2 ;
reaco (jj+1l:m)
=gasco ;
reaho (7J+1:m)
=gash2o ;
reah (jj+1:m)
=gash?2 ;
ream(jj+l:m) =gasch4 ;

if mt (j)<=unburnt
reac(l:m)

=gaso? ;
reacd (1l:m)

=gasco? ;
reaco (1:m)

=gasco ;
reaho (1:m)

=gash2o ;
reah (1:m)

=gash?2 ;
ream(1l:m)

=gasch4 ;

end

%$Source Term for Heat

gasheat =grate(l) *hcot+tgrate (2) *hm+grate (3) *hcs+grate (4) *hh-
grate (5) *hcorev;

conheat (1:373)=hconv* (tp(j)-tg(i,j)) *areap*ndens;
conheat (jJj+1:m)=0;

%$Continuity equation

rup =(r(i+1)+r(i))/2;
rdo =(r(i)+r(i-1))/2;
rmid =rup+rdo;

rho(i,j+1) =rho(i,]j)-lambda* (rho(i+1,7j)-rho(i-1,73))+h*wm(i);

mode =h*5e-5/rho (i, j)/rspan”2;

yo2 (i,3+1) =yo2(i,j)+mode/r (i)* (rup*yo2 (i+l,73)-
rmid*yo2 (i, j)+rdo*yo2(i-1,7))-lambda* (yo2(i,j)-yo2 (i-
1,3))+h/rho(i,J) *reac(i);

yn2 (i, J+1) =yn2(i,j)+mode/r (i)* (rup*yn2 (i+l1,7J)-
rmid*yn2 (i, j)+rdo*yn2(i-1,73))-lambda* (yn2(i,3j)-yn2(i-1,73));

yco2(i,j+1) =yco2(i,]j)+mode/r (i)* (rup*yco2 (i+1,7j) -
rmid*yco2 (i, j)+rdo*yco2(i-1,7j))-lambda* (yco2(i,j)-yco2 (i-
1,3))+h/rho (i, J) *reacd (i) ;

yco (i, J+1) =yco (i, J)+mode/r (i) * (rup*yco (i+1,3j) -
rmid*yco (i, j)+rdo*yco(i-1,7))-lambda* (yco(i,j)-yco(i-
1,73))+h/rho(i,J) *reaco(i);

vh2o(i,j+1) =yh20(i,]j)+mode/r (i) * (rup*yh2o (i+1,7j) -
rmid*yh2o0 (i, j)+rdo*yh20(i-1,3j))-lambda* (yh20 (i, j)-yh20 (i-
1,3))+h/rho (i, J) *reaho (i) ;

yh2 (i, j+1) =yh2 (i, J)+mode/r (i) * (rup*yh2 (i+1,7j) -
rmid*vyh2 (i, j)+rdo*yh2(i-1,3j))-lambda* (yvh2 (i, 3j)-yh2 (i-
1,3))+h/rho (i, J)*reah(i);

304



ychd (i, §+1) =ych4 (i, j)+mode/r (i) * (rup*ych4 (i+1,5) -
rmid*ych4 (i,9)+rdo*ychd (i-1,7))-lambda* (ych4 (i,

1,3))+h/rho (i, J)*ream(i);
if yh2(i,j+1) <O
yh2 (i,j+1) =0;
end

tg (i, j+1) = tg(i,]J)+mode/r (i) *
rmid*tg(' ')+rdo*tg(i—1,j))—lambda*(tg(i,j)—tg(i—
1,3))+h/ (rho (i, j) *cpt) * (gasheat+conheat (i)) ;

end

if yh2o(i,j+1) <O
yh2o(i,3j+1) =0;

end

if yco(i,j+1l) <O
yco(i,j+1) =0;

end

if yco2(i,j+1) <O
yco2 (i,3+1) =0;

end

if yo2(i,j+1) <O
yo2(i,j+1) =0;

end

if yché4 (i, j+1) <O
ych4 (1, 3+1) =0;

end

%Energy Balance

$Symmetry Boundary Condition at r = 0
rho(1l,3+1) =(4*rho(2,j+1)-rho(3,j+1)
yo2 (1,3+1) 4*yo2(2,3+1)-yo2(3,j+1)
)
+

o~~~ o~ o~~~ —~

yn2 (1,3+1) 4*yn2 (2,3+1)-yn2(3,j+1
yco2 (1,3+1) 4*yco2(2,3+1)-yco2(3,]
yco (1, J+1) 4*yco(2,]+1)-yco(3,3+1)
vh2o(1,3+1) 4*yh20(2,3+1)-yh20 (3, 3+
yh2 (1, 3+1) 4*yvh2 (2,3+1)-yh2(3,3+1)
ychd (1,3+1)
tg(1,3+1)

%$Particle Phase Reaction
$Pyrolysis Reaction

4xychd (2,5+1) -ychd (3, 3+1
4%tg(2,3+1)-tg(3,3+1)) /3

)

/3
/3

/3

-ychd (i-

(rup*tg (i+1l,3) -

%Assuming Volatiles solely consisted of CH4

av = 5.18el6;
ev = 217270;
kv = av*exp (-ev/ (R*tp

(3))) ;
devolrat = kv* (ft-mv(j)

) ;
if devolrat < 0
devolrat = 0;

end

%$Particle phase reaction rate
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tmassp =

yo2(3j,J) *32+yco2(3Jj,J) *44+yn2(J33j,J) *28+yh20(33,J) *18+ychd (3, J) *16+yco(

jj:j)*28+yh2(jj:j)*2;
yop = yo2(j]j,J)*tmassp/32;
ycdp = yco2(jJj,J) *tmassp/44;
yhop = vh20(j3j,J) *tmassp/18;

q = prate(tp(j),do2m,dco2m,dh2om, Tm,diam, yop, ycdp, yhop) ;
mv (j+1) = mv(j)+devolrat*h ;
mt (J+1) = mt(J)-(g(l)+g(2)+g(3)) *areap*mt (1) /smass*h-devolrat*h;
if mt (j+1)<=unburnt
mt (j+1) = unburnt;
end
heatp = 1/12* (g(1)*ho-g(2) *hc-gq(3) *hs) ;
tp(3+1) =

tp(j) +tareap*mt (1) /smass/ (mt (j) *cpcoal) *h* (e*sig* (tgas™4-
tp(3) "4) thconv* (tg(Jj+1,3) -tp(J)) +theatp);
if mt(j+1)<=unburnt
tp(j+1) =
tp(j) +tareap*mt (1) /smass*h/ (mt (j) *cpcoal) *h* (e*sig* (tgas™4-
tp(j) ~4) theconv* (tg (33+1,3) -tp(J)));
end
peak = find(tg(:,3)>1201);
if isempty (peak)==
tignition=tspan(j)*1000;
break
end
end

These codes above can be invoked by :

ndens = linspace(le7,1e9);
for i = 1l:length(ndens)
tign (i) = groupND2 (ndens (1))
fprintf ('Iteration Completed = %d',1)
end

plot (ndens, tign)
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