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ABSTRACT 

Moderate or Intense Low-oxygen Dilution (MILD) combustion has been 

identified as an innovative technology that offers ultra-low pollutant emissions, high 

thermal efficiency, enhanced combustion stability, thermal field uniformity, and 

broad fuel flexibility. MILD combustion of solid fuels has received much less 

attention than gaseous fuels and its burning characteristics are not well understood. 

As solid fuels, in particular pulverised coal, form the majority of available fuel 

sources, there is a need to extend understanding of the application of MILD 

combustion to pulverised coals. The current research seeks to investigate the MILD 

combustion characteristics of pulverised coals via experimental and computational 

approaches. 

In the first stage of this work, an experimental campaign was conducted to 

investigate the MILD combustion characteristics of pulverised coal in a laboratory-

scale self-recuperative furnace. High volatile Kingston brown coal and low volatile 

Bowen basin black coal with a particle size in the range of 38-180 μm were injected 

into the furnace using either CO2 or N2 as a carrier gas. The results point to major 

differences between the resulting ‘flames’ of the two coals and minor differences 

associated with the carrier gas in respect to pollutant emissions. Ash content analysis 

showed that black coal was not burnt effectively, which is thought to be due to the 

particle residence times being insufficient for complete combustion in the furnace. 

In the next stage of this research, a comprehensive numerical investigation, using 

Computational Fluid Dynamics (CFD) modelling, was conducted to understand the 

influence of three devolatilisation models on the prediction accuracy of pulverised 

coal MILD combustion. It was found that the advanced chemical percolation 

devolatilization (CPD) devolatilization model with a three-step global kinetic 

mechanism gives, as expected, the best agreement with the experimental 

measurements for the Kingston brown coal case. While all models produced similar 

results for the Bowen basin black coal case.  

A new vertical co-flow furnace was also designed and built for this project. The 

furnace contained an insulated and water-cooled central jet surrounded by a hot and 
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diluted co-flow. The furnace walls, as well as co-flow temperature and local oxygen 

concentrations, are controlled by a secondary swirling burner using non-premixed 

natural gas combustion. Loy-Yang brown coal from the Latrobe Valley, Victoria, 

Australia, with particle sizes in the range of 53-125 μm and 250-355 μm, is injected 

into the furnace using CO2 as a carrier gas. The bulk jet Reynolds number was varied 

from Rejet = 5,527 to Rejet = 20,000. In-furnace temperatures and chemical species 

were measured together with visual observations and CH chemiluminescence (CH
*
) 

imaging at the bottom, middle and top parts of the furnace. The CH
*
 signal intensity 

is found to be significantly lower at the top part of the furnace which is an indication 

of the slow rate of heterogeneous combustion of char particles. The largest amount of 

CO concentrations are measured for the highest jet velocity (i.e., Rjet = 20,000) case 

which implies that with increasing turbulence there is a better mixing and a broad 

devolatilisation zone is formed which produces more CO. The measured NO 

emission for any case was less than 125 ppmv (db at 3% O2) which provide evidence 

to the potential benefits of MILD Combustion application to Victorian brown coal 

towards reducing NO emission. 

Complementary CFD modelling study helped in shedding light on the flow field, 

turbulence intensity, volatiles’ release rate, combustion of volatile matters, and 

overall carbon consumption inside the furnace for all cases. It was found that 

increasing the jet Reynolds number increases the volatiles release rates and decrease 

the rate of overall carbon consumption. It was also found that, for both particles’ size 

cases, stable MILD combustion is established with a similar large recirculation 

vortex around the centre of the furnace. Devolatilisation starts earlier for the smaller 

particles’ case and is completed at the end of the recirculation vortex while for the 

larger particles’ case the devolatilisation happened post the recirculation vortex. The 

difference is related to the particle dispersion within the jet and differences in Stokes 

number.  

This study provided valuable systematic data for the fundamental understanding 

of the MILD combustion of solid fuels. The outcomes of this research are a step 

forward to allow the industry to have better confidence in utilising the MILD 

combustion technology.  
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Chapter 1   Introduction 

 

1.1. Combustion and Energy 

Energy is one of the cornerstones for the development of civilisation [1]. Global 

energy demand increased by 26% between 2000 and 2010 and it is projected to 

increase by 56% relative to 2010 figures by 2040, from 553 quadrillion kilojoules 

(kJ) to 865 quadrillion kJ, according to the World Energy Outlook 2015 [2]. 

According to predictions by the United Nations (UN), the population rise of the 

world will rise from 6.7 billion to 8.7 billion between 2011 and 2040. As a 

consequence, world energy demands are expected to increase substantially over that 

time [2]. In addition to population growth, rapid economic development and 

increasing living standards in the world’s developing countries (led by China and 

India) will be key drivers for a substantial increase in energy demands in the near 

future.  

The world’s energy demand is predominantly supplied by the combustion of fossil 

fuels (e.g., natural gas, oil, and coal). Although natural gas production and supply 

remain constant, the prices fluctuate continuously [3]. The reason behind the price 

fluctuation of natural gas relates to supply and demand cyclical patterns, owing to the 

continuous demand for power generation. Oil reserves are found in different parts of 
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the world and while reserves are still high [2] the utilisation of oil is mostly confined 

to transportation and heating purposes. In addition, the use of oil for power 

generation is declining for reasons related to cost, availability, and air pollution 

(NOx, SO2 and particulates). In addition, oil-burning power plants emit carbon 

dioxide (CO2) (as well as other greenhouse gases), heavy metals such as mercury, 

and volatile organic compounds (which contribute to ground-level ozone). Coal is 

abundantly available in many parts of the world and mainly used for electricity 

generation. Although renewable energy is growing rapidly, its contribution is 

currently only 8% of the total energy consumption and is predicted to rise to just 

10% by 2040 [2]. Hence, it is imperative to decrease the adverse effects of 

conventional energy sources on the environment, in parallel with the development of 

renewable and sustainable energy sources for the future. 

1.2. Environmental Impact of Solid Fuels 

Amongst all the conventional fossil fuels, solid fuels play a crucial role in the 

world’s energy supply because they are both the cheapest fossil fuel source and 

abundant. Energy from solid fuels is mainly extracted through a combustion process 

involving one of two main technologies, namely; pulverised fuel (PF) combustion 

and fluidised bed combustion. The latter is mainly used for low grade fuels which are 

difficult to burn and highly polluting. Pulverised fuel combustion is the dominant 

technology for burning solid fuels because of its high combustion intensity (0.5 – 1.0 

MW·m
-3

) and high heat transfer rates (0.1 – 1.0 MW·m
-2 

) [4], which lead to low-cost 

plants. Hence pulverised fuel is considered in this research project.  
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Coal is an abundant fuel resource and forecasts show that it is likely to remain a 

dominant fuel for electricity generation for many countries for years to come. Coal is 

a carbon-containing rock and also consists of hydrogen, nitrogen, sulfur, oxygen and 

mineral matter (including compounds of silicon, aluminium, iron, calcium, 

magnesium) [5]. Although coal combustion contributes to a substantial number of 

adverse effects on the environment and public health, global warming is the most 

serious impact of coal combustion in terms of its universal and potentially 

irreversible consequences. The earth’s climate is warming due to the devastating 

impact of greenhouse gas (GHG) emissions which result from burning fossil fuels. 

Amongst the three GHGs (viz., CO2, CH4, and N2O), CO2 is the major contributor to 

environmental pollution during the combustion of fossil fuels. According to the 

Environmental Protection Agency (EPA), CO2 emissions represent over 99% of the 

total CO2-equivalent
 
GHG emissions from all commercial, industrial, and electricity 

generation and industrial stationary combustion sources [6]. Coal-fired power plants 

are the largest single source of CO2 emissions in the world when compared with 

other forms of fossil fuel combustion [2, 7]. According to the EPA, a large coal-

burning plant (~600 MW capacity) burns 3 million tons of coal and produces 11 

million tons of CO2 per year [6].  

Beyond global warming, coal combustion using conventional technology is 

responsible for countless examples of environmental damage by emitting other 

pollutants such as SO2, NOx, particulate matter (PM), soot, mercury and dozens of 

other substances [8]. Coal-fired power plants are the major source of SO2 emissions 

and SO2 is a contributor to acid rain. Acid rain damages forests, crops, and acidifies 
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waterways. Nitrogen oxides (NOx) are key contributors to the development of 

ground-level ozone and smog. Smog is one of the leading sources of air pollution, 

which exaggerates chronic respiratory illnesses and burns lung tissue [9]. Particulate 

matter, including soot, is responsible for chronic bronchitis, aggravated asthma and 

premature death, as well as creating haze which can obstruct visibility. Coal plants 

are the main source of mercury emissions. Mercury is a toxic heavy metal which 

seriously contaminates the environment and is responsible for brain damage and 

heart problems [2, 9]. 

In recognition of the observed adverse effects of pulverised coal combustion, the 

international community has become more concerned about protecting the 

environment and has instigated more rigorous policies to mitigate carbon emissions 

e.g., through the adoption of the Paris agreement in 2015 [10]. Nonetheless, the 

uncertainty of renewable energy and the increasing price of gaseous fuels encourage 

the continued usage of coal. Thus, the development of advanced coal combustion 

technologies is a major goal for lowering pollutant emissions. This can be achieved 

through research which is focused on reducing any impediments, developing 

accurate modelling and scaling tools and optimising these in order to improve their 

viability. This project is motivated by a desire to solve one of the key problems: 

namely the reduction of air pollutant emissions, in particular controlling of NOx 

emissions whilst improving the efficiency of combustion systems using pulverised 

coal as a fuel. 
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1.3. MILD Combustion 

The preceding sections highlighted the need for more efficient and clean 

combustion systems to reduce the negative impact of current systems on the 

environment. Moderate or Intense Low-oxygen Dilution (MILD) combustion [11, 

12] has been identified as an innovative technology that offers low pollutant 

emissions, high thermal efficiency, enhanced combustion stability, thermal field 

uniformity and broad fuel flexibility. MILD combustion operates on the combination 

of heat and combustion product recirculation. Many computational and experimental 

investigations have been carried out to investigate the characteristics of MILD 

combustion [12-23] using gaseous fuels. Although MILD combustion has been 

studied extensively for gaseous fuels, very few studies have been conducted for 

pulverised solid fuels and their burning characteristics are not well understood. Many 

important issues involved in MILD combustion of pulverised fuels have not been 

addressed fundamentally. In particular, the combustion characteristics (e.g. burning 

temperature, reaction zone structure and emissions) of differently ranked pulverised 

fuels under various conditions are not clearly understood. Furthermore, the influence 

of volatiles’ release and reactions on the formation and destruction of pollutants 

under MILD combustion conditions are yet to be understood. The effect of 

turbulence and the impact of residence time on the char burnout rate as well as the 

overall carbon consumption rate, along with pollutant formations and destruction 

mechanisms (in particular, fuel NOx formation and reduction by reburning) on the 

stability of MILD combustion are still unknown. Hence, the present study aims to 

understand the MILD combustion characteristics of solid fuels better, in particular 
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for pulverised coal. This project explores the MILD combustion behaviour of a 

variety of coals (namely lignite and anthracite) for different particle sizes (namely 

38 µm to 250 µm), operating conditions, and carrier gases (either CO2 or N2). 

Overall, this project seeks to characterise the MILD combustion regime in a furnace 

environment burning pulverised coal through both experiments and numerical 

models. 

1.4. Thesis Outline 

The thesis reports a research study on the burning characteristics of pulverised 

coals under MILD combustion conditions. The work is presented in seven chapters 

and their contents are detailed as follows. 

Chapter 2 outlines a comprehensive review of the literature including current 

knowledge of coal MILD combustion. This chapter also highlights the gaps in the 

current knowledge and the need for further research. The chapter ends with a 

summary of the specific research gaps and the main objectives of the research. 

Chapters 3, 4, 5, and 6 are the main body of the thesis, which are an assemblage 

of four manuscripts that have been published, or are currently under review. The 

contributions of this research are presented by these publications. A detailed 

description of the MILD combustion characteristics of high-volatile Kingston brown 

coal and low-volatile Bowen basin black coal with particle sizes in the range of 

38−180 µm in a self-recuperative furnace are presented in Chapter 3. Chapter 4 

describes the influence of devolatilisation models on the prediction accuracy of 

pulverised coal under MILD combustion conditions. The effect of particle sizes (i.e., 
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for a range between 53−125 μm and 250−355 μm) on the MILD combustion 

characteristics of pulverised brown coal are presented in Chapter 5. In Chapter 6, the 

turbulence effect on the volatiles’ release and reactions under vitiated co-flow 

conditions, as well as the impact on the pollutants’ formation and emission, is 

presented for Loy-Yang brown coal MILD combustion.  

Finally, Chapter 7 contains a general summary of the findings and conclusions 

drawn from this research. The chapter ends with recommendations for future work to 

advance the topic of solid fuels’ MILD combustion further. 

1.5. Publications Arising from this Thesis 

The following lists of publications contain all the findings of this research project, 

including four journal papers and six conference papers. 

Journal Papers: 

1. M. Saha, B. B. Dally, P. R. Medwell, and E. Cleary, “Moderate or Intense 

Low Oxygen Dilution (MILD) Combustion Characteristics of Pulverized 

Coal in a Self-Recuperative Furnace”, Energy & Fuels, (2014), Vol. 28(9), 

pp. 6046 – 6057.  

 

2. M. Saha, A. Chinnici, B. B. Dally, and P. R. Medwell, “Numerical Study of 

Pulverized Coal MILD Combustion in a Self-Recuperative Furnace”, Energy 

& Fuels (2015), Vol. 29 (11), pp. 7650 – 7669.  
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3. M. Saha, B. B. Dally, P. R. Medwell, and A. Chinnici, “Effect of Particle 

Size on the MILD Combustion Characteristics of Pulverised Brown Coal”, 

Fuel Processing Technology (2016), DOI: 10.1016/j.fuproc.2016.04.003 (In 

Press). 

 

4. M. Saha, B. B. Dally, P. R. Medwell, and A. Chinnici, “Burning 

Characteristics of Victorian Brown Coal in a MILD Combustion Furnace”, 

Combustion and Flame, (2016) Manuscript ID. CNF-D-16-00037 (under 

review). 

 

Peer-reviewed Conference Papers: 

1. M. Saha, B. B. Dally, P. R. Medwell, and E. Cleary, “An Experimental Study 

of MILD Combustion of Pulverized Coal in a Recuperative Furnace”, 9
th

 

Asia-Pacific Conference on Combustion (2013), Gyeongju, Korea, pp 233. 

 

2. M. Saha, E. Cleary, P. R. Medwell, and B. B. Dally, “MILD Combustion of 

Pulverised Coal in a Recuperative Furnace”, Proceedings of the European 

Combustion Meeting (2013), Lund, Sweden, pp 4-78. 

 

3. M. Saha, B. B. Dally, P. R. Medwell, and E. Cleary, “A Study of 

Combustion Characteristics of Pulverised Coal under MILD Combustion 

Conditions”, Proceedings of the Australian Combustion Symposium (2013), 

The University of Western Australia, Perth, WA, Australia, pp 132-135. 

http://www.sciencedirect.com/science/article/pii/S0378382016301424
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4. M. Saha, A. Chinnici, B. B. Dally, and P. R. Medwell, “Numerical 

Investigation of Pulverised Coal Combustion in a Self-Recuperative MILD 

Combustion Furnace” 10
th

 Asia-Pacific Conference on Combustion (2015), 

Beijing, China. 

 

5. M. Saha, B. B. Dally, P. R. Medwell, and A. Chinnici, “MILD Combustion 

of Victorian Brown Coal”, Paper no. 3127333, International Conference on 

Coal Science & Technology (2015), Melbourne, Australia. 

 

6. M. Saha, B. B. Dally, P. R. Medwell, and A. Chinnici, “Effect of Turbulence 

on the MILD Combustion Characteristics of Victorian Brown Coal” 

Australian Combustion Symposium (2015), The University of Melbourne, 

Melbourne, Australia.  

 

1.6. Thesis Format 

The thesis has been submitted as a portfolio of the publications, according to the 

formatting requirements of The University of Adelaide. The printed and online 

versions of this thesis are completely indistinguishable. The online version of the 

thesis is available in portable document format (PDF). The electronic version can be 

viewed in its correct format with the use of software compatible with PDF version 

1.7 or later. 
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Chapter 2   Background Literature 

 

2.1. Combustion Overview 

Combustion is one of the greatest discoveries of mankind. The energy crisis 

scenario of the current world has again reinforced our civilisation’s strong 

dependency on combustion. At present, approximately 90% of our worldwide energy 

demands are supplied through combustion [1].  

The combustion or burning process may be defined as a rapid chemical reaction 

between a fuel and an oxidant which produces thermal energy. The chemical reaction 

is also described as an oxidation process [2]. The combustion phenomenon is 

generally categorised into two classes: namely, “premixed” and “non-premixed” 

combustion, based on the mixing of the reactants. In a premixed system, the reactants 

(i.e., fuel and oxidizer) are mixed at the molecular level before the chemical reaction 

is initiated. In contrast, in the non-premixed combustion mode, the reactants are 

initially separated and combustion occurs in an interface/common region of fuel and 

oxidizer where the mixing and reaction take place. Whether premixed or non-

premixed combustion is applied to the production of energy, having easy access to 

affordable energy sources and extracting energy efficiently from them are the major 

challenges. It is well established that solid fuels constitute the largest part of the 
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utilised fuel sources in the world, therefore attention has always been on these 

sources, mainly to maximise thermal efficiency and reduce the emission of 

pollutants.  

The following sections include a review of solid fuel combustion technologies and 

a detailed introduction and review of a particular technology of interest to this 

project, namely, Moderate or Intense Low oxygen Dilution, MILD, combustion. The 

section incorporates a review of the literature highlighting the benefits, limitations, 

efficiency and pollutant emissions. It also identifies the gaps in our knowledge of 

these systems and how this project aims to address them. 

2.2. Solid Fuel Combustion Systems 

Solid fuels include diverse types of carbonaceous hard material that are employed 

as fuel for energy production through combustion. Solid fuels comprise a broad 

diversity of combustibles, ranging from coal to biomass and other substances (e.g., 

peat and charcoal).  

Coal is a sedimentary rock, formed by the lithification of plant matter, which has 

the characteristics of being a combustible material [3, 4]. Coal is the most abundant 

energy source and it has been found that over 860 billion tonnes of proven coal 

reserves are available in different parts of the world [5]. According to the predictions 

for world energy demands, there is plenty of coal to continue the energy supply for 

around the next 118 years, at current rates of consumption [5, 6]. Almost every 

country in the world has some reserves of coal, while coal is economically 

recoverable from almost 80 countries. The biggest coal reserves are in the USA, 



Background Literature 

 

Chapter 2 Page 17 
 

Australia, Russia, China and India; coal is actively mined in more than 70 countries 

around the world [5].  

The formation of coal was originally initiated from the carboniferous period, 

which took place between 360 and 290 million years ago [5]. According to the World 

Coal Association, the quality or type of coal largely depends on the type of plants 

from where the coal originated, the interment depth of the coal, the pressures and 

temperatures at that depth, and the period of time during which coal formation has 

occurred. These factors contribute significantly to the degree of transformation of the 

original plant material to coal. The rank or quality of coal is described by its carbon 

content. Fundamentally, the coal that takes a longer time of its formation is 

associated with having a higher carbon content and named as a high-ranking coal. On 

the other hand, having a lower carbon content is a characteristic of low-rank coal 

with shorter formation time and thus called “younger coal” [7]. Low-rank coals are 

divided into two types, namely: lignite and sub-bituminous coal. The youngest form 

of coal is called lignite. Lignite is soft, brown-coloured coal, so it is also called 

“brown coal”. Brown coal accounts for 17% of the world’s coal reserves and is 

mainly used as a fuel for power plants [5]. The next stage of coal is sub-bituminous 

coal which is formed from lignite after millions of years under continuous pressure 

and temperature. Sub-bituminous coal accounts for 30 per cent of the world’s coal 

reserves [5]. This type of coal combustion produces fewer pollutants than others 

because of its low sulfur content. High-ranking coals are also called hard coals and 

classified into two categories, namely: bituminous coal and anthracite. Bituminous 

coal accounts for the maximum portion (~52%) of the world’s coal reserves [5]. 
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Bituminous coal is blacker and harder than low-ranking coal, and also sub-divided 

into two types, namely: metallurgical and thermal coal. Metallurgical coal is mainly 

used for the iron and steel manufacturing industries, while thermal coal is used 

primarily for power generation and the cement manufacturing industries. The most 

mature coal is anthracite and it has the largest carbon content of all types of coal. 

Anthracite represents a very small portion (only 1%) of the world’s coal reserves [5]. 

Anthracite is a fully black-coloured coal and thus, it is also called “black coal” [8]. 

This type of coal is frequently used for domestic purposes (e.g., home heating). It is 

also used as a “smokeless fuel” in the industrial context [4, 5].  

Biomass is an organic material produced from plants and animals [9]. It is used as 

a fuel for combustion as well as a sustainable and renewable source of energy. The 

main sources of biomass energy are wood and wood wastes (~64%), municipal solid 

waste (~24%), agricultural crops and their waste by-products (~5%), animal wastes, 

waste from food processing (~5%), and aquatic plants and algae (~2%) [10-12]. 

Biomass has great potential to ensure a renewable fuel supply in the future. It absorbs 

CO2 during growth, and releases it during burning, thus biomass helps the CO2 

recycling in the atmosphere and reduces the influence of global warming. Although 

biomass cannot be counted as a principal source of the world’s energy supply, unlike 

coal, it is still the main energy source in a number of countries and regions (e.g. 

Bhutan 86%, Nepal 97%, Asia 16%, East Sahelian Africa 81% and Africa 39%) [13-

15].  

Solid fuels are used mainly for electricity generation and stationary industrial 

systems. While the amount of electricity generated using biomass is very small, coal 
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and in particular anthracite or black coal, contributed an estimated 39% of world 

generated energy in 2013 (75% of Australia’s electricity generation), as opposed to 

27% for natural gas and 13% for renewable energy [6]. Figure 2.1 illustrates that 

total electricity production is predicted to rise by 24% between the years 2013 to 

2040 and that there is large variability among different fuels. While the electricity 

generated from the combustion of coal is expected to drop from 39% to 34% of total 

production, the absolute amount of coal consumption is predicted to remain constant 

at 1.75 trillion kWh. This trend is fuelled by economic drivers, as well as regulatory 

and global emission targets.  

Energy from solid carbonaceous fuels, in particular coal, is extracted through two 

main combustion processes namely; fluidised bed combustion and pulverised fuel 

combustion.  

 

Figure 2.1: Electricity generation by fuel 2000-2040 (Trillion kWh) [6]. 
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2.2.1. Fluidised Bed Combustion 

Fluidised bed combustion (FBC) technology was developed during the 1970s 

[16-18] to utilise low quality solid fuels with high burning efficiency. FBC 

technology comprises a bed of particles in a furnace and introducing oxidising air 

into the mixture to disperse the solid particles, thereby inducing it to be fluidized 

and/or suspended in a gas stream. The particles’ bed constitutes of inert materials 

such as sand, limestone/dolomite (for sulfur dioxide sorbent), ash, and a small 

portion of coal particles (3 to 5% by mass of the bed) [17]. FBC technology offers 

several advantages, including design simplicity, the flexibility of using different solid 

fuels, for example, peat, coal, biomass, waste or recycled fuels, and reasonable 

combustion efficiency at an extraordinarily low temperature (750 – 900 ºC) 

operation, which is well below the thermal NOx formation temperature. In addition, 

the exhaust gases come in contact with the sulfur dioxide absorbing chemicals 

(sorbent) due to the mixing action of the fluidised bed. Eventually, more than 95% of 

the produced sulfur dioxide from coal combustion is captured. However, low 

temperature combustion in FBC technology enhances the formation of polycyclic 

aromatic hydrocarbons (PAH) which lead to soot formation.  

Fluidised bed combustion technology can be placed in two major categories 

namely; atmospheric fluidised bed combustion (AFBC) and pressurised fluidised bed 

combustion (PFBC). AFBC operates at a pressure close to atmospheric, where coal 

and limestone are continuously fed into the system and always maintain the correct 

amount of bed material for fluidization. The bed temperature is maintained at 

comparatively low levels of 750 – 850 ºC and that results in low NOx emissions. 
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Nonetheless, under specific operating conditions AFBC plants produce a higher level 

of pollutants (e.g., CO2, N2O, NO, and SO2), when compared with other conventional 

coal combustion technologies [16-21]. Although AFBC plants have been 

commercially used for more than 30 years, the high emission intensity of AFBC 

plants has limited its industrial applications significantly. On the other hand, 

pressurised fluidised bed combustion (PFBC) technology is relatively new and 

recognised as the second generation of FBC technology, which operates at pressures 

10 – 15 times higher than the normal atmospheric pressure of AFBC. Pressurised 

fluidised bed combustion technology is mainly used in combined cycle power plants 

where a pressurised gas stream from an PFBC plant is introduced to a steam turbine 

and the flue gas from the steam turbine is used to produce steam by passing through 

a waste heat recovery boiler. The PFBC plant efficiency is about 35 – 40% higher 

than the AFBC plant [18]. However, the major problem with PFBC technology is the 

corrosion and/or erosion of the reactor vessel and the requirement for high pumping 

power to maintain adequate pressure. In addition, the greenhouse gas emissions, 

coupled with the high capital cost, requirement for a significantly larger plant size, 

and the high maintenance cost of FBC plants when compared with the modern 

pulverised coal combustion plant, significantly reduce the application of FBC 

technology for commercial power plants [19].  

2.2.2. Pulverised Fuel Combustion 

Pulverised fuel combustion is the dominant technology to burn solid fuels, in 

particular coals, because of its high combustion intensity (0.5 – 1.0 MW·m
-3

) and 

high heat transfer rates (0.1 – 1.0 MW·m
-2

), which leads to low-cost plant. Pulverised 
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coal combustion is a well-established technology [22-26] that accounts for almost 

97% of the world's coal-fired power generation capacity [3]. Those units require the 

reduction of large size coal particles to a powdered form and carry the particles, 

using a carrier gas, into the combustion chamber (i.e., furnace and/or boiler). Despite 

the fact that there are several advantages for pulverised fuel combustion, major 

challenges remain, mainly in terms of limiting pollutant (e.g., NOx, CO2, and SO2) 

emissions and increasing plant efficiency.  

Alternative new technologies to burning solid fuels are also under development 

and these include: 

i. Ultra-Super Critical Combustion (USCC) 

ii. Integrated Gasification Combined Cycle (IGCC) 

iii. Oxy-Fuel Combustion 

Ultra-Super Critical Combustion (USCC) 

To improve coal-fired power plant efficiency while minimising emissions of 

harmful species and particulates, ultra-super critical combustion (USCC) technology 

has been developed and implemented. USCC technology operates under elevated 

pressure and temperature conditions above the critical point of water (i.e. over the 

pressure and temperature at which the liquid and gas phases of water coexist in 

equilibrium). The steam pressure of USCC units can reach 350 bar and the 

temperatures can range up to 973 K [26]. The net efficiency of the USCC plants can 

be more than 45%, while the net efficiency of the conventional coal-fired power 

plant is less than 39% [26, 27]. From economic and pollution standpoints, USCC 
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technology is better than conventional coal plants. However, the major challenges of 

USCC technology are to maintain the necessary high temperature and pressure 

without inducing a sudden failure of the materials. In addition, it is expensive to 

retrofit the USCC technology in existing plants because of need to redesign the 

boilers and reconstruct most of the existing infrastructure.  

Integrated Gasification Combined Cycle (IGCC) 

The Integrated Gasification Combined Cycle (IGCC) is an advanced gasification 

technology where the coal is gasified at high temperatures to produce syngas and 

then the high temperature syngas is fired in a gas and steam turbine combined system 

to generate electricity [28]. The IGCC plants operate at above 45% efficiency and 

CO2 emissions can be decreased by up to 36%, when compared with traditional coal 

combustion power plants [29, 30]. It is widely accepted that IGCC technology offers 

low emission coal fired power generation. The key challenge of IGCC technology is 

its high capital cost. However, this technology is being developed further in industry; 

especially since the power cost per megawatt-hour for an IGCC plant is 7.5% higher 

than for traditional coal combustion power plants [31, 32].  

Oxy-Coal Combustion 

Oxy-fuel combustion technology has been identified as one of the most promising 

technologies for carbon dioxide (CO2) capture and sequestration/storage from 

existing plants [33, 34]. In conventional combustion, air is used as an oxidant for 

combustion, where the nitrogen (N2) from the air (approximately 79% by volume) 

dilutes the CO2 concentration in the flue gas. The capture of CO2 from such dilute 
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mixtures is complex and expensive [34]. When pure oxygen (O2) or the mixture of 

CO2 and O2 is used in the combustion reaction instead of standard air, then the 

combustion method is called oxy-fuel combustion [33, 35]. By eliminating N2 from 

the combustion medium, the flue gas consists mainly of CO2 and H2O. In order to 

remove H2O and produce almost pure CO2, a condensation process of the flue gas is 

utilised. Then, the CO2 can be captured in pure form for commercial use like 

enhanced oil recovery, by inserting CO2 into depleted oil and gas reservoirs [36, 37] 

or for sequestration. The purity of CO2 has become a strict requirement for pipeline 

transportation and storage, to avoid corrosion and cavitation damage in the pipeline 

and CO2 reservoir [33]. Although no quantitative limits for co-storing NOx were 

defined in the London Convention Protocol in 2006 [38] the feasibility of co-storing 

NOx with the CO2 depends on the reservoir mechanics and geochemistry that are still 

unknown. Therefore, NOx (and other impurities’) removal could be more effective 

for oxy-fuel combustion, considering the safety demands for transportation and 

storage. 

Many studies [33, 34, 38-51] have been conducted on oxy-fuel combustion using 

pulverised coal. These studies have a common conclusion that oxy-fuel combustion 

is the most competitive technology option for retrofitting existing coal-fired power 

plants. Under oxy-fuel combustion conditions, thermal performance can be increased 

by raising the flame temperature and combustion intensity, which often comes at the 

price of high pollutant emissions (e.g., fuel NOx formation) [52]. On the other hand, a 

recent study [53] conducted on the effects of the endothermic CO2 gasification 

reactions on oxy-fuel combustion of pulverised coal char via computational 
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approaches reported that the char oxidation rate is significantly decreased, owing to 

the sudden drop in char temperature required to achieve low NOx emissions in oxy-

fuel combustion and consequently the thermal performance of the system dropped. 

Therefore, it is difficult to satisfy the requirements of high efficiency and low 

pollution in the oxy-fuel combustion process simultaneously. Furthermore, the oxy-

fuel combustion technology still faces many challenges, as reported in a recent 

review [33]. Those challenges include the stabilisation of oxy-fuel flames, system 

integration and optimisation, scaling characteristics of oxy-combustion, advanced 

oxy-fuel combustor design to eliminate materials’ corrosion, and numerical model 

development for understanding the fundamental processes (devolatilisation, char 

formation and agglomeration) of oxy-fuel combustion. Hence, more research is 

required to fathom the potential of oxy-fuel combustion technology, by addressing 

technological challenges to implementing its full potential. 

2.3. Introduction to MILD Combustion 

The quest to improve combustion system efficiency and reduce its impact on the 

environment has motivated the search for new and innovative combustion 

technologies over the last few decades. Although the thermal efficiency may be 

increased by maintaining the high temperature of the combustion by preheating the 

reactants [54], the immediate drawback of this technique is that the increased peak 

flame temperature contributes to increased NOx emissions [55]. To overcome this 

dilemma of high efficiency with increasing NOx formation, flue or exhaust gas 

recirculation into the reaction zone is the most successful scheme [56, 57]. The 
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recirculated exhaust gases or products of combustion lead to a diluted mixture, with 

low local oxygen concentration at elevated temperatures inside the combustion 

chamber. Dilution means that reactants (oxidiser and fuel) are mixed  in the presence 

of ‘inert’ gases (such as CO2, H2O and N2 ) before they react [58]. The combination 

of the high temperature and high dilution inside the combustion chamber is the 

fundamental principle of MILD combustion. The environment of well-mixed and 

diluted reactants at temperatures above auto-ignition results in a volumetric reaction 

leading to a moderate furnace temperature, very low emissions of pollutants and 

improved thermal efficiency of combustion systems [59]. These characteristics make 

this technique attractive in comparison with other abatement techniques [60]. 

 

2.3.1. MILD Combustion Definition and Overview 

Various terminologies are used to describe MILD combustion technology. From a 

historical point of view, combustion with high reactant temperatures, introduced with 

preheating regenerative systems applied to air, is called High Temperature Air 

Combustion (HiTAC) [61]. HiTAC, also known as highly preheated air combustion 

(HPAC), was reported by Katsuki and Hasegawa [62]. They focused on the effects of 

heat recirculating combustion under highly preheated air conditions (1200 – 1600 K). 

The idea of HPAC originated from the concept of the ‘large excess enthalpy 

combustion’ introduced by Weinberg [63]. MILD combustion is often called 

“flameless combustion” or “flameless oxidation” (FLOX
®
) [64] owing to the 

potential for no visible or audible flame to be created under specific conditions. It is 

also known as Fuel Direct Injection (FDI) [65], Fuel/Oxidant Direct Injection 
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(FODI) [66], and High temperature Combustion Technology (HiCOT) [59] in a 

wider sense to all the technologies which contribute high temperature reactants. 

In 2004 Cavaliere and de Joannon [59, 67] attempted to define MILD combustion 

on the basis of the theory of a well stirred reactor. The authors explained, “a 

combustion process is termed “MILD” when the inlet temperature of a reactant 

mixture is higher than the self-ignition temperature of the mixture, whereas the 

maximum allowable temperature increase with respect to the inlet temperature 

during combustion is lower than the self-ignition temperature.” The self-ignition or 

auto-ignition temperature is the lowest temperature at which the mixture 

spontaneously ignites and burns. They identified two regimes (Figure 2.2) wherein a 

high-temperature combustion regime (upper right quadrant) of the system can raise 

its temperature up to the stoichiometric combustion temperature of the air/fuel 

mixture. On the other hand, in the MILD combustion regime, the temperature 

increase is moderate because of the dilute conditions. In Figure 2.2 the ordinate    is 

the temperature increase during oxidation of fuel and the abscissa          is the 

temperature difference between the inlet temperature and the minimum self-ignition 

temperature of the reactants. Below the abscissa, the processes are identified as 

pyrolysis processes with a negative maximum temperature increase because of their 

endothermic behaviour in nature. They are subdivided in two parts “auto incepted” 

and “assisted” pyrolysis. Spontaneous inception of oxidation occurs via the 

processes in the upper-right quadrant, which are classified as auto-ignited 

combustion. In this case, the differential inlet temperature is positive (        0) 

and auto-ignition should occur with no external energy input. MILD combustion was 
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categorised under this regime, which shows great flexibility towards the use of low 

calorific fuels because of the initial temperature, which is higher than that of self-

ignition. 

An alternative approach was taken by Kumar et al. [68] to distinguish the MILD 

combustion from the classical combustion process. The quantitative definition is 

based on the root-mean-square (rms) temperature fluctuations in the flow field of an 

MILD burner. By considering a propane jet turbulent flame, they found that the 

normalized rms temperature variation was around 15% for MILD conditions and 

51% for the conventional jet flame.  

There are subtle differences between each of these combustion technologies but 

they all rely on the fundamental principle of the reaction taking place at a high 

temperature and with a high dilution level environment.  

 

Figure 2.2: Combustion classes as a function of    and         [67]. 
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2.3.2 Principles of MILD Combustion 

MILD combustion relies on the concept of heat and exhaust gas recirculation into 

the reaction zone [62]. Figure 2.3 illustrates the operating principles of MILD 

combustion: low oxygen concentration in the reaction region while the local 

temperature of the combustible mixture is greater than that of the self-ignition 

temperature (Tsi) of the reactants.  

The combustion reactions occur in an environment where oxygen concentration is 

very low, around 2-6% [69, 70], due to the dilution of the reactants. This diluted 

phenomenon creates a more distributed reaction that reduces the peak temperature 

and pressure fluctuations of the flame front. As a result, the noise level of the 

combustion chamber is also reduced drastically in comparison with conventional 

combustion [64, 70].  

 

 

Figure 2.3: Operation principle of MILD combustion [71] 
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One of the most remarkable characteristics of MILD combustion is the low 

luminosity and the differences in visual appearance, compared with a conventional 

flame. In fact, under some conditions, there may be no visible flame during MILD 

combustion [59, 67, 69, 72] owing to the uniform and reduced temperature. Figure 4 

shows photographs (left) and temperature distribution diagrams (right) of a test 

furnace operating in conventional (top) and MILD (bottom) conditions. The 

difference between conventional and MILD combustion is shown in Figure 2.4: a 

visible flame front with a high peak temperature close to the burner exit is observed 

in the temperature distribution diagram in the case of conventional combustion. In 

contrast, under MILD combustion modes the furnace is almost transparent with a 

distributed reaction zone and an absence of steep gradients of temperature. The 

uniform in-furnace thermal distribution is shown in the temperature distribution 

diagram of Figure 2.4.  

From the above discussion, the essential characteristics of MILD combustion 

technology can be summarized as follows: 

a) The recirculation/entrainment of the exhaust gases in the combustion reaction 

zone to ensure the dilution of the reactants is the key feature of this new 

combustion technology [73];  

b) The local oxygen concentration remains between 2% - 6% in the reaction 

zone [69, 73], whereas the local temperature is required to be higher than the 

fuel’s auto-ignition temperature for MILD combustion. The condition is 

typically achieved by the mixing of the flue gases with the reactants; 
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c) Typically no flame is visible during MILD combustion and the combustion 

reaction takes place globally, throughout the furnace; 

d) The in-furnace temperatures and the radiative heat fluxes are relatively 

uniform [61].  

 

 

 

Figure 2.4: Conventional combustion versus MILD combustion of natural gas in a 

1.5 MW test furnace [58]. 
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The flue gas recirculation increases the content of inert gases (e.g., N2, CO2) in the 

mixture that accelerates the dilution process of the reactants. Wünning and Wünning 

[64] defined the exhaust gas recirculation rate (  ) to measure the dilution rate of the 

reactants. The term    is defined as the ratio of the mass flow rate of recirculated 

exhaust gases ( ̇ ) in relation to the mass flow rate of the initial fuel and air jet 

( ̇   ̇ ), mathematically: 

   
 ̇ 

 ̇   ̇ 
                                                                     (1) 

 

Figure 2.5(a) shows the axial evolution and radial diffusion of the air-fuel jet, which 

results from the recirculation of the surrounding exhaust gases and the stability limit 

of different combustion modes where  ̇   ̇   ̇   ̇ , is the total mass flow 

rate of exhaust gases with both air and fuel. 

The abscissa of Figure 2.5(b) indicates the internal recirculation rate of the 

exhaust gas (  ) and the ordinate refers to the temperature of the reactants. For a 

recirculation rate of less than ≈0.3, a stable conventional flame zone is found, as 

shown in region A. Region B shows the unstable combustion regime at increasing 

value of recirculation rate. When the exhaust gas recirculation rate is greater than 

≈2.5 and the furnace temperature is above the self-ignition limit of fuel (about 

≈750°C) a stable MILD combustion zone is established as indicated by region C.  

The fundamental difference between MILD and conventional combustion is 

illustrated in Figure 2.5(b). It has been shown that entrainment of exhaust gases into 

the combustion zone is very important for the initiation of MILD combustion [54]. 

Also, that the formation of NOx and CO are directly influenced by the mixing rate, as 
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well as    on the reaction temperature of MILD combustion [72]. The findings of 

the preceding sections show that the combustion temperature and exhaust gas 

recirculation rate (  ) are two major parameters for the establishment of MILD 

combustion. 

 

 

 

  

 

 

  

 

 

Figure 2.5: Stability limits of the flame and the relationship between exhaust gas 

recirculation and temperature in the combustion of methane [64]. 

 

2.3.3 Features of MILD Combustion 

2.3.3.1 Thermal Field Uniformity  

Uniform temperature distribution along the furnace is one of the advantages of the 

MILD combustion technology. Figure 2.6 demonstrates the time history of the 

measured temperature at the bottom and top sections of the furnace, as well as the 

temperature of the exhaust gases and combustion air in a self-recuperative furnace 

using natural gas [74].  

Region A- Conventional Combustion 

Region B - Unstable Combustion 

Region C- MILD Combustion 

(b) 
(a) 
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Figure 2.6: Time history of measured furnace temperature for the MILD combustion 

furnace, operating on natural gas with a 10 kW heat input [74]. 

The temperature difference throughout the furnace is less than 100 K which 

implies that a homogeneous temperature distribution is achieved in MILD coal 

combustion. The benefits of such features relate to better product quality due to the 

semi-uniform heat transfer to the product being heated by the combustion gases, 

reduction of NOx (as this prevents local hot spots where a higher temperature is 

reached where NOx is formed) and improved stability as the reaction progress and 

energy release are more steady and the extinction and re-ignition phenomena are 

avoided.  

2.3.3.2 NOx Reduction 

One of the key advantages of MILD combustion technology is the suppression of 

NOx formation. Owing to the uniform temperature distribution and the low peak 
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flame temperature of MILD combustion technology, thermal-NOx is almost 

negligible for this combustion [67, 75]. This is because thermal-NOx is produced 

above a temperature level of 1800 K [76, 77], whereas MILD combustion operates at 

temperatures below that. Figure 2.7 presents a comparison of temperatures and NOx 

emissions for a conventional flame, a lifted flame, and a reaction in MILD mode, 

using an experimental burner operating on natural gas combustion [64]. The 

measured NOx level for the MILD combustion case is substantially lower than for the 

other two cases. The recorded NOx emission under MILD combustion condition is 

90% lower when compared with lifted flame and is 97% lower in comparison with a 

conventional flame. 

 

Figure 2.7: Time history of temperature for MILD, lifted flame, and flame [64] 
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2.3.3.3 Fuel Saving 

MILD combustion technology recovers heat energy from the exhaust gas through 

the recirculation process. This energy-saving is interpreted as fuel conservation from 

the combustion process. Furthermore, the net radiation flux of MILD combustion 

technology can be ~30% higher than conventional combustion [61, 69, 73, 78, 79]. 

As a consequence, less fuel is needed when using MILD combustion to achieve the 

same energy output in a furnace system relying on radiation for heat transfer. 

2.3.4. MILD Combustion Furnace and Burner 

Due to the many advantages of MILD combustion technology, it has become 

more attractive to industry. Existing industrial burners operating under this 

combustion mode can be categorized into two classes, namely recuperative and 

regenerative systems. The main difference between the two systems is that 

recuperators transfer thermal energy directly from a steady flow of exhaust gas, 

where regenerators absorb the waste thermal energy into a medium from the exhaust 

gas, which is then transferred to heat the combustion air [52].  

Regenerative MILD combustion systems have been widely implemented in 

industrial furnaces, in particular, in the steel and metallurgical industries [80]. 

Regenerators for MILD combustion were first introduced in Europe [81]. The 

regenerative system mainly consists of a reversing valve and regenerators [61, 62]. 

An example of a regenerative MILD combustion furnace which was implemented in 

industry is shown in Figure 2.8. It consists of two ceramic honeycomb type 

regenerators. During the operation of the furnace, in one cycle (typically 30 - 120 s) 
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the ceramic honeycomb type regenerator absorbs heat from the flue gas of the 

secondary burner while the other hot ceramic honeycomb is preheating the incoming 

air. In the second cycle, the process is reversed and the working burner is set to 

stand-by. A four-way switch valve is used to control the flow process. This system 

ensures the uniformity of temperatures of the highly preheated air during each cycle. 

As the temperature of the preheated air is above the auto-ignition temperature of the 

gaseous fuels, MILD combustion is readily achieved in the furnace [62].  

 

 

Figure 2.8: Schematic diagram of an industrial regenerative furnace operating under 

MILD conditions [62]. 
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The second burner type was developed by Nakamachi et al. [82, 83]. The most 

prominent example for the second type of burner is the example of a Fuel Direct 

Injection (FDI) system [83]. This aims to increase the mixing delay between the air 

and the fuel by placing the air and fuel jets apart from each other. The FDI system 

allows air and fuel to be diluted by the hot flue gas before they mix and react. The 

reaction or mixing in the furnace is influenced by the number of fuel ports and the 

distance between the air and fuel jets [83]. 

The FDI method was exploited by Cain et al. [84] to develop the high velocity 

Low NOx Injection (LNI) burner [84]. Similarly, Sobiesiak et al. [66] introduced a 

new multiple jet burner for a concept called a Fuel/Oxidant Direct Injection (FODI) 

burner. In FODI burners, fuel and oxidant ports are placed uniformly in a circular 

pattern and both the fuel and the oxidant ports are at an angle in relation to the burner 

axis [66]. The above burner designs are focused on pollution abatement (i.e. reducing 

NOx emissions) and achieving a high thermal efficiency of combustion. These 

investigations highlighted the role of the mixing characteristics to achieve MILD 

combustion. In general, enhancing the high entrainment of hot combustion products 

inside the furnace helps to establish MILD conditions by diluting the mixture. For 

this purpose, most previous work has used high momentum jets and a relatively large 

gap between the fuel and air jets. Dilution extends the volume of the reaction zone 

substantially during MILD combustion. Consequently, a more uniform heat flux with 

lower peak temperatures can be found during this combustion. Since the peak 

temperature is lower, a more uniform furnace temperature is achieved during MILD 
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combustion [85]. Therefore, higher thermal efficiency can be achieved during MILD 

combustion when compared with conventional combustion [61, 69].  

As mentioned in the preceding sections, most previous work on the topic of MILD 

combustion has been conducted for industrial requirements and the applicability of 

this technology is still limited to gaseous fuel combustion. Although different burner 

configurations have been developed for many industrial applications, MILD 

combustion technology is based on preheating a high level of air (because the 

external air preheating impacts on the system’s thermal efficiency), which has 

restricted the application of this unique combustion technology.  

Weidmann et al. [86, 87] reported MILD combustion of highly volatile sub-

bituminous Columbian coal in a 7 m long and 500 kW down-fired furnace of 

750 mm diameter cylindrical shape. The burner configuration of the combustion 

furnace consists of a central annulus for injecting coal carried by CO2 and two 

symmetrically arranged nozzles for supplying combustion air. The combustion air 

was preheated to 423 K before being introduced into the furnace for these 

experiments [86, 87]. The investigations were specially focussed on the impact of 

carrier gas to pollutant (e.g., CO and NOx) emission under coal-MILD combustion 

conditions. A significant increase of CO and NOx emissions was measured when 

CO2 was replaced by air as the carrier gas of coal particles. Stadler et al. [76] 

designed and built a cylindrical, vertical, and top-fired MILD furnace which employ 

electrical heating for maintaining the wall temperature. The furnace is 4.2 m long and 

the diameter is 400 mm. The pulverised coal was carried by either air or N2 and 

supplied through the central jet, while preheated (~575 K) air was supplied through 
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three jets surrounding the furnace. Szegö et al. [55, 88] developed a laboratory-scale 

recuperative MILD combustion furnace for gaseous fuel, where MILD combustion 

was achieved successfully without any air preheating. However, the residence time 

of Szegö’s recuperative MILD combustion furnace, MCF, is limited for the complete 

combustion of the pulverised fuels [74]. To avoid the issue identified in MCF, this 

current study developed and used a new vertical MILD combustion furnace for 

pulverised fuel combustion (detail reported in Chapters 5 and 6).  

2.4. Chemical Steps of Coal Combustion 

This section highlights the chemical processes of solid fuel burning, in particular, 

pulverised coal under MILD combustion conditions. Pulverised fuels came into pre-

eminence because of their high combustion intensity [89]. The pulverised coals, as 

well as pulverised biomass combustion processes, are best described through the 

following steps: drying, devolatilisation, volatile combustion and char burnout. 

These successive steps of coal combustion are depicted in Figure 2.9.  

 

 

Figure 2.9: Diagram of the coal combustion steps. 
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2.4.1. Drying  

Drying and/or water vaporisation from pulverised coal is a combination of the 

heat and mass transfer processes. Coal particles are heated to dry the moisture from 

the particles in a hot atmosphere by radiation or convection. This process usually 

occurs very rapidly. The pulverised coal particles are partially/fully dried by the 

primary hot air or recycled exhaust gas flow into the coal mill during the 

conventional coal combustion process. The coal particles are pre-dried to eliminate 

any blockage in the coal carrying pipe. The heating of the coal particles is an 

important step as it determines the nature of the devolatilisation products, including 

the char structure [89]. The higher heating effects on the volatiles’ release rate that 

produces different char topography. However, the heating rates vary significantly 

with different operating conditions and various combustion environments.  

 

2.4.2. Devolatilisation 

Devolatilisation is the process of evolution of combustible gases from coal 

particles, due to the thermal decomposition at a temperature above ~580 K [90-93]. It 

is an endothermic physicochemical transformation of coal. Coal devolatilisation is 

referred to as pyrolysis when coal is devolatilised in an inert gas [94]. The terms 

“pyrolysis” and “devolatilisation” are usually not distinguished from one another due 

to the similar behaviour of coal in the two processes, in terms of char chemistry and 

the composition of volatile matter. During heating, coal particles are subjected to 

very complex physical and chemical transformations while yielding volatile matter 
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and generating solid residues. Coal devolatilisation can be regarded as a two-stage 

process [95]. The first stage is the decomposition of functional groups of coal 

particles to release volatile matter, composed of heavy hydrocarbons (tar), and light 

hydrocarbons. During the second stage of devolatilisation, tar decomposes and 

produces light hydrocarbons and additional gases. Devolatilisation characteristics of 

pulverised coals are frequently investigated and reported in the existing literature 

[48, 90, 96-99] under an inert gas environment, such as nitrogen (N2) and argon (Ar), 

to avoid the interaction with ambient gases. However, devolatilisation of pulverised 

fuels under high temperature and a low O2 concentration environment, which is 

typical of MILD combustion, is not well-understood and further research is required 

[77, 100].  

2.4.3. Combustion of Volatiles 

The combustion characteristics of volatile matter are substantially varied with 

particle size, coal type and surrounding temperatures, as well as the operating 

conditions. However, the variation of volatile combustion phenomena is mainly 

associated with the coal type and/or rank because the volatile and char contents of 

coal are significantly varied according to coal type and/or rank. For example, 

bituminous coal produces more tar yields (long chain hydrocarbons) than lignite and 

anthracite during the devolatilisation process. Consequently, more soot is formed 

from the combustion of bituminous coal [48]. The combustion characteristics of 

volatile matters are reported for conventional (i.e., O2/N2 environment) and oxy 

(O2/CO2) combustion modes [48, 90, 101-103]. Shaddix and Molina [48, 103] 

reported that oxy-coal combustion requires a longer residence time and lower 
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temperature than air combustion, using Black Thunder low volatile coal particles in 

an entrained flow reactor. The low combustion temperature and long residence time 

of combustion are related to the low volatile and/or O2 diffusion rates in the oxy-coal 

environment [48]. Although some studies on the volatiles’ combustion are available 

for air and oxy-coal combustion cases, no study has been found which reports 

volatiles’ combustion under MILD combustion conditions.  

2.4.4. Char Combustion 

Micro-porous solids, known as char particles, are produced when the volatile 

matter is released from the coal particles by the devolatilisation process. The char 

oxidation rate is controlled by three sequential processes: namely boundary layer 

diffusion, chemical reaction and pore diffusion [78, 89], in a conventional coal 

combustion approach. While in MILD-coal combustion, char burning is influenced 

by the exhaust gas recirculation and heterogeneous reactions with high 

concentrations of CO2 and H2O [100].  

Few studies [76, 77, 100, 104, 105] on the heterogeneous combustion of char have 

been conducted using detailed surface chemistry. Heterogeneous reaction rates are 

governed by the diffusion of the oxidant species from the bulk phase to the particle 

surface [76, 100]. The overall heterogeneous reaction rate is controlled by two 

mechanisms: the diffusion of the oxidant through the film layer around the coal 

particle and the intrinsic kinetic rate of the reaction on the particle surface. However, 

the mechanism for char oxidation reaction is not completely understood because of a 

number of factors, such as the reaction due to pore growth and the mass transfer 
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effects [89, 106]. The char oxidation reaction is further complicated by the influence 

of the char mineral content, particle size, and fragmentation of the char particles.  

2.5. Chemical Pollutants Production 

A number of gaseous pollutants (e.g., NOx, CO, CO2, and SOx) and particulate 

matters (e.g., soot and fly ash) are produced by the combustion of pulverised coal. 

The production and destruction of these pollutants are briefly described in this 

section.  

2.5.1. Nitric Oxides (NOx)  

Nitrogen oxides (NOx) form one of the predominant anthropogenic sources of air 

pollution and are a major concern for designers of combustion systems. Nitrogen 

oxides (NOx) comprise both nitrogen dioxide (NO2) and nitric oxide (NO). Although 

nitrous oxide (N2O) also contributes to air pollution, N2O formation is not directly 

related to combustion and thus N2O is not included in the NOx [107].  

In general, NO accounts for 95% of total NOx formation [89, 108] during 

pulverised coal combustion. Several studies [38, 39, 109-113] have been conducted 

to evaluate NOx emissions and their impact on the environment from pulverised coal 

combustion. Therefore, this sub-section briefly describes the basic NO formation 

and/or destruction mechanisms namely; thermal-NO, prompt-NO, and fuel-NO, as 

well as NOx destruction mechanisms. 
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Thermal NO 

The oxidation of atmospheric nitrogen (N2) through endothermic chemical 

reactions produces thermal-NO. The production of thermal-NO follows the extended 

Zel’dovich [114] reactions mechanism: 

           (2) 

          (3) 

           (4) 

Thermal-NO formation is highly temperature dependent. It has been reported that the 

effect of thermal-NO production is much lower at temperatures below the value of 

1800 K [76, 77]. Since the maximum coal MILD combustion temperature is below 

1600 K, it has a positive impact on the thermal-NO reduction. 

Prompt NO 

Prompt-NO [106, 108, 115] is formed by the chemical reaction between N2 and 

hydrocarbon radicals in fuel-rich combustion conditions. Prompt-NO typically plays 

a minor role in the overall NO formation under MILD combustion conditions. This is 

because a strongly diluted mixture of reactants is considered in MILD conditions 

where hydrocarbons (CxHy), hydrogen-cyanide (HCN), and nitrogen (N) 

concentrations decrease to low levels. Nevertheless, the prompt-NO formation occurs 

during following the key reactions: 

              (5) 

          (6) 



Background Literature 

 

Chapter 2 Page 46 
 

                (7) 

            (8) 

Fuel NO 

In coal MILD combustion, the main NO production is represented by the fuel-NO 

mechanism [77, 78, 100]. Fuel-NO is produced by the oxidation reaction of the 

incorporated nitrogen (N) in the coal particles. It is presumed [100] that the nitrogen 

(N) incorporated into the coal particles is entirely released during the devolatilization 

process and spread out across the volatiles and the char. Thus, there are two 

evolutionary paths for fuel-NO formation: (i) a share of nitrogen incorporated in the 

coal is converted into fuel-NO by the devolatilization process; and (ii) a share of the 

remaining nitrogen in the char is converted into fuel-NO by the reaction with 

oxygen. The conversion of nitrogen to pollutants takes place via intermediates, 

namely hydrogen cyanide (HCN) and ammonia (NH3). Then HCN and NH3 are 

subjected to four competitive reaction routes [116]: 

                     (9) 

                   (10) 

                     (11) 

                   (12) 

NO-Destruction 

The recirculation of hot products of combustion in the furnace produces a positive 

reburning of NO and thus contributes to diminishing overall NO emissions from coal 



Background Literature 

 

Chapter 2 Page 47 
 

MILD combustion [100, 116]. In the NO-reburning reaction, NO reacts with 

surrounding hydrocarbons and afterwards reduces, according to the following 

reaction [100]: 

                      (13) 

2.5.2. Carbon monoxide (CO) 

Carbon monoxide, CO, is typically produced by the devolatilisation of coal 

particles, the volatiles’ oxidation, and the char combustion reactions for pulverised 

coal-MILD combustion. The CO formation through the coal devolatilisation and 

oxidation process is described by a simple two-step gas phase reaction: 

           (
 

 
 
 

 
 
 

 
  )    

    
 

 
    

 

 
        

(14) 

    
 

 
       (15) 

The char combustion reaction is influenced by strong exhaust gas recirculation 

with high concentrations of CO2 and H2O under MILD combustion conditions [100]. 

Therefore, Boudouard (16) and gasification (17) reactions are considered in addition 

to the oxidation (18) reaction: 

              (16) 

                 (17) 

       
 

 
      (18) 
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Carbon monoxide (CO) is a poisonous gas, which can have a lethal effect on 

human health when a person is exposed to it in high concentrations. When CO is 

mixed with the haemoglobins of a blood cell, it forms carboxyhemoglobin in the 

blood. As a consequence, the tissue and cell oxygenation of the body is inhibited 

[117].  

2.5.3. Fly Ash Production 

Fly ash is a fine grey powder, which is produced through the combination and 

fragmentation of mineral contents released during coal combustion. The char burn-

out rate and surrounding combustion environment, including the temperature, 

determine the mineral matter’s transformation during pulverised coal combustion 

[118]. Fly ash production, along with the transformation of minerals, is displayed in 

a schematic diagram in Figure 2.10. The figure depicts that fly ash particles are 

formed through two mechanisms, namely; vaporization or condensation of heavy 

metals (e.g., Na, Pb, Cd, and Hg) and chemical transformation of non-volatile 

species (e.g., SiO2) by oxidation-reduction (redox) reactions [118].  

Few experimental and numerical studies [118-121] have been reported on the fly 

ash production from the air-coal and oxy-coal combustion processes in a furnace 

environment. The experiments and calculations both indicate that the production rate 

and composition of fly ash are not dissimilar for air-coal and oxy-coal combustion. It 

is concluded from the previous investigations [118-121] that the pathway of fly ash 

production under air/oxy-coal combustion conditions is complex and strongly 

influenced by the furnace operating conditions, coal rank, and the coal particle sizes. 

On the other hand, since the establishment of MILD combustion conditions of 
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pulverised coal through exhaust gas recirculation are more complicated than air/oxy-

coal combustion, no studies have been found in the literature on fly ash formations 

and their control strategies. Therefore, major investigations are being touted to 

understand the particulate matter production under MILD-coal combustion [33, 47]. 

 

 

Figure 2.10: Mineral transformation and particle formation pathways during coal 

combustion [118]. 
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2.6. State-of-the-art of Solid Fuels under MILD Combustion  

Although MILD combustion technology is already applied commercially for 

gaseous fuels, research on solid fuels, including pulverised coals and biomass, using 

this technology has received much less attention. The previous sections of this 

chapter described the substantial potential of MILD combustion technology, using 

various kinds of fuels. Therefore, it is essential to extend this technology to solid 

fuels for deepening understanding of many fundamental issues (e.g., stability limits, 

burning characteristics, pollutant formations and destructions, carbon consumption, 

and ash deposition). In this section, key findings in the literature on solid fuels’ 

combustion under MILD mode are presented and summarised. 

A successful attempt at the MILD combustion of highly volatile pulverised coal of 

74 μm particles was reported by Kiga et al. [122] using a drop tube furnace. The 

combustion efficiency of the furnace and NOx emissions were measured for various 

air preheating temperatures, excess air ratios and oxygen concentrations. Their 

experimental measurements suggested that increasing the air preheat resulted in a 

significant elevation of combustion efficiency, with a substantial reduction of NOx 

emissions, when compared with conventional combustion. However, they concluded 

that “the use of high-temperature diluted air was not suitable for stable pulverised 

coal combustion” because of the slow combustion rate under low-oxygen 

combustion conditions. Weber et al. [70, 73, 123] at the International Flame 

Research Foundation (IFRF) conducted a series of experimental investigations in a 

0.58 MW furnace. The experimental findings of Weber et al. [70, 73, 123] are 
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somewhat contradictory to the conclusions of Kiga et al. [122] in terms of stable 

pulverised coal MILD combustion. The results reported a substantial NOx diminution 

potential for MILD combustion of highly volatile bituminous coal. However, the 

basic routes of NOx production/destruction were not understood from these 

experiments. An experimental investigation of the NOx emissions in the air, 

argon/oxygen, and CO2/O2 atmospheres for MILD combustion of pulverised lignite 

and bituminous coal was carried out by Stadler et al. [76]. A large reduction of NO 

was reported under MILD combustion conditions, which findings were similar to 

Weber et al. [73]. However, they reported the necessity for a sophisticated numerical 

model to analyse the NOx formation phenomenon under MILD combustion. 

To investigate the impact of air preheating on the MILD combustion 

characteristics of anthracite and bituminous coal, Suda et al. [124] reported an 

experimental observation where it was found that the coal particles’ ignition delay 

and NOx emissions were decreased significantly by raising the combustion air 

temperature. The authors concluded that further investigation is required to clarify 

the NOx formation/destruction mechanism for coal MILD combustion technology. 

He et al. [125] conducted a numerical investigation of the experiments carried out by 

Suda et al. [124] and found that for high rank coal (anthracite), NO is predominantly 

produced from the char-nitrogen, whose production/destruction mechanism is yet to 

be understood.  

Schaffel et al. [78] modelled the IFRF furnace using an advanced Chemical 

Percolation Devolatilization (CPD) model, along with a char combustion intrinsic 

reactivity model, and reported the existence of strong NO-reburning mechanisms in 
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coal MILD combustion. However, the authors [78] reported the limitations of CFD 

modelling to predict CO formation and highlighted the need for a more elaborate 

volatile matter combustion model. Vascellari and Cau [100] reported a numerical 

study to probe the impact of turbulence-chemistry interactions on the prediction of 

pulverised coal MILD combustion. In particular, two turbulence-chemistry 

interaction models were investigated; namely: the conventional Eddy Dissipation 

Model (EDM), based on infinitely fast chemistry assumptions, and the advanced 

Eddy Dissipation Concept (EDC) model based on finite-rate chemistry. As expected, 

the EDC model reproduced the experimental results more effectively than the EDM 

model. The gas-phase reactions were modelled using either a detailed kinetic 

mechanism (consisting of 103 reactions) or a global kinetic mechanism (consisting of 

2 reactions). However, no significant benefits were noticed when using the detailed 

kinetic mechanisms for the prediction of coal MILD combustion, when compared 

with the global kinetic mechanisms. In addition, detailed kinetic mechanisms require 

more computational time and do not seem to add any major benefits. Mei et al. [77] 

investigated the impacts of reactants’ injection velocities on the stability and 

pollutant emissions of coal MILD combustion numerically, using the geometry and 

experimental conditions of IFRF furnaces [73]. They found that raising the velocity 

of the primary air played a significant role in decreasing the combustion temperature 

and overall NOx emissions. Tu et al. [104, 105] investigated the MILD combustion 

characteristics of pulverised bituminous coal under O2/N2 and O2/CO2 atmospheres 

using simplified combustion models numerically and reported that oxy-MILD 
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combustion has a great potential for reducing NOx formation and increasing heat 

release intensities via radiation and convection. 

An experimental investigation of MILD combustion of bituminous coal, using a 

cylindrical bench-scale furnace, was reported by Tamura et al. [126], where they 

found overall NOx emission was reduced by increasing the residence time of the coal 

particles. However, they reported the difficulties of achieving MILD combustion 

with existing furnace start-up procedures and noted the need for new burner 

configurations which can operate and are able to switch between conventional and 

MILD modes. 

An integrated air staging burner, combined with MILD combustion technology, in 

a cylindrical down-fired furnace, has been developed as part of a European Union 

supported project called FLOX-COAL [86, 87, 127, 128]. In these experiments, the 

high-volatile sub-bituminous coal carried either by air or CO2 is injected into the 

furnace via a central pipe. The preheated (378 K) secondary air is supplied through a 

nozzle located on the circumference of the primary jet, while the tertiary air is 

impinged from downstream. They found an increased CO concentration in the 

primary combustion zone owing to the char gasification reaction caused by CO2 and 

H2O. However, a stable, attached flame did not appear during their experiments and 

they concluded that further optimisation of the burner geometry is necessary in order 

to achieve stable MILD combustion of pulverised coal. 

Recently, Liu et al. [129] reported the optimum operating conditions of pulverised 

coal combustion under oxy-MILD modes in a lab-scale cylindrical furnace with 
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high-velocity oxygen jets. They calculated the ignition delay for Datong bituminous 

coal-MILD combustion with a mean particle size of 60 μm is approximately 4 ms 

under a coaxial jets condition, while the ignition delay is extended to 10-15 ms under 

co-flow jet conditions. However, they reported that extended reaction kinetics are 

required to capture the accurate characteristics of the oxy-MILD coal combustion 

process. 

MILD combustion of other solid fuels like biomass and wastes has not been 

investigated as comprehensively as pulverised coal. Lou and Ma [130] investigated 

the NOx formation behaviour of biomass fuels under MILD combustion conditions 

using high temperature air. Rice husk and saw dust were used as biomass fuels and 

combusted with high temperature air (600-1200 °C) in a medium of various oxygen 

concentrations. The influence of the air temperature, the oxygen content in the air, 

and the water content of biomass fuels on the NOx emissions was investigated. Since 

the fixed carbon (char) in rice husk is higher than in saw dust, the NOx emission 

(~150 ppm) was reduced by 20% during the combustion of rice husk in comparison 

with sawdust fuel because of the greater de-oxidisation effect on NOx. The increasing 

trend of NOx was observed for higher air temperatures under the same air-fuel 

proportions and that the water contents of biomass fuel have a positive effect on NOx 

reduction. The NOx concentration was decreased by up to 70% for 30% moisture 

contents in biomass fuel. This was explained as resulting from water vapour 

formation decreasing the local oxygen concentration, at the same time as the carbon 

reacted with water to form CO and H2 and generated a reductive atmosphere, so the 

NOx reacted with not only with the carbon but also with CO and H2. They deoxidised 
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NOx to N2 and decreased the NOx concentration further. The authors concluded that 

MILD combustion of biomass fuel has a great potential to reduce NOx emissions 

because the biomass contains high levels of fixed carbon. However, they only 

considered the thermal NOx mechanism. Hence, there is a need for further 

investigation of absolute NOx emissions from biomass fuels considering fuel NOx 

mechanism, in particular for those containing higher levels of nitrogen, such as for 

fuels like rice husk (1.88% N).  

An experimental study on the MILD combustion behaviour of wood pellets 

(biomass) and bituminous coal particles, with a diameter equal to 15 mm, in various 

oxygen concentrations, in a small scale batch reactor, was performed by Ponzio et al. 

[131, 132]. Three different ignition behaviours of fuels were found by varying the 

local oxygen concentrations (from 5% - 100%) and oxidizer temperatures. The three 

ignition mechanisms were: a) sparking ignition of fuels when the oxygen 

concentrations (21 - 100%) and oxidizer temperatures (1073 - 1273K) were both 

high due to the heterogeneous oxidation of non-devolatalised coal, b) flaming 

ignition of fuels when the oxygen concentration (5 30%) was low but the oxidizer 

temperature (1073 - 1273K) was high due to the homogeneous combustion of 

volatiles and c) glowing surface ignition with no visible flame at the condition of low 

oxygen concentration (5 - 10%) and low oxidiser temperature (873K) due to the 

heterogeneous oxidation of char. However, the ignition behaviour of solid fuels is 

not a material property but depends strongly on the surrounding conditions (e.g. the 

temperature and oxygen concentrations of the oxidiser). The transition from 
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heterogeneous char ignition to homogeneous volatile ignition is not understood from 

this study and is suggested as being worthy of further investigation.  

Dally et al. [74, 133] have successfully achieved MILD combustion without air 

preheating during the burning of sawdust as a solid biomass fuel in a laboratory scale 

MILD combustion furnace fitted with a parallel jet burner. They found that parallel 

jet burner permits the initial mixing of sawdust at high jet momenta with a 

combustion product that dilutes the mixture very fast by reducing the residence time. 

However, after analysing the ash content, it was suggested that the residence time 

was not sufficient for complete combustion of the biomass fuel. The authors 

concluded that further research is required to verify the effect of residence time on 

carbon burnout and the resulting emissions in the recuperative furnace. 

2.6.1 Summary 

It is evident from the discussion in the preceding sections that MILD combustion 

offers great advantages over existing combustion modes to improve thermal 

efficiency and reduce pollutant emissions from solid fuels. However, for the 

implementation of this technology, new challenges have been identified including: 

the potential for NOx formation and ash deposition, improving the stabilization of 

solid fuel-MILD combustion due to the lower adiabatic flame temperature, delayed 

ignition and lower burning rates in a highly diluted environment. Therefore, more 

research is required to fathom the depth of MILD combustion of solid fuels by 

addressing these technological challenges in order to reach the full potential of this 

process. 



Background Literature 

 

Chapter 2 Page 57 
 

2.7. Research Gaps 

Although some studies on MILD combustion of pulverised coals and biomass 

have appeared in the literature, limited information is available related to the stability 

of MILD combustion for pulverised fuels. Also, there is a lack of a thorough 

understanding of fundamental aspects of solid fuel combustion using this unique 

technology. Moreover, the burning of low rank coal (i.e., pulverised brown coal) 

under MILD combustion is yet to be fully explored. In addition, since brown coal is 

considered the cheapest and most available energy source [6] amongst the various 

fuel types in the world, it is imperative to extend this technology to brown coal. 

Hence, the specific gaps identified from the published research on MILD combustion 

of solid fuels are as follows: 

1. A lack of detailed experimental studies on the MILD combustion of solid 

fuels, including biomass and pulverised coal, to understand the combustion 

characteristics (e.g. temperature distribution, chemical species fields, and 

exhaust emissions) and facilitate a better understanding of the formation and 

destruction of pollutants, like CO and NO. Distinguishable combustion 

characteristics and the variations of devolatilisation, volatile oxidation and 

char combustion processes are expected to be found for differently ranked 

pulverised coals due to the distinctive physical properties and chemical 

structures. These characteristics under MILD combustion conditions need to 

be further investigated;  

 



Background Literature 

 

Chapter 2 Page 58 
 

2. No systematic study has been carried out to develop understanding of the 

influence of the devolatilisation model on the prediction of coal combustion 

under MILD conditions; 

 

3. No reliable numerical model was found for low rank Australian brown coal or 

high rank Australian black coal under MILD combustion. The low rank 

Australian brown coal (e.g., Victorian brown coal) deserves special attention 

because of its desirable burning characteristics, including its high reactivity 

owing to a high volatile content, generally low ash content, and low sulphur 

and heavy metals [134], while Australian black coal is a high rank coal which 

has a higher heating value than other solid fuels such as biomass and brown 

coal [8] ; 

 

4. No study has been found in the literature that reports the impact of the 

surrounding flow (i.e., vitiated co-flow) and thermal fields on the volatiles’ 

release and reaction from pulverised coal burning under MILD conditions. In 

particular, no systematic study has been conducted to understand the 

influence of the turbulence field and the effect of co-flow O2 concentrations, 

as well as co-flow temperature on the MILD combustion characteristics of 

pulverised coal; 

 

5. No study has been found in the literature to understand the impact of particle 

size on the burning characteristics, in particular, volatiles’ release and the 

reactions of pulverised brown coal under MILD combustion conditions which 

is relevant to practical combustion systems.  
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6. There are very few studies on the combination of MILD combustion 

technology and oxy-fuel combustion technology for solid fuels. However, no 

study has been conducted to predict optimum CO2/O2 ratios for high volatile 

low rank coal combustion, in order to establish stable MILD-oxy combustion. 

In addition, little information is available about the phase changes, 

coagulation, size distribution, and element partitions of the fly ash in a high 

CO2 environment of MILD-oxy coal combustion. 

2.8. Research Aims 

The main objective of this research is to understand the basic chemical and physical 

phenomena that characterise pulverised coal combustion in the MILD regime. The 

specific aims of this research are as follows: 

1. To characterise the MILD regime in a furnace environment burning 

pulverised coal (low rank brown coal and high rank black coal) through a 

combined experimental and numerical modelling approach; 

2. To analyse the role of devolatilisation models on the prediction accuracy of 

pulverised coal MILD combustion; 

3. To develop simplified numerical models for Australian high volatile brown 

coal and low volatile black/hard coal, optimised for the MILD combustion 

conditions. In addition, to develop better understanding of NOx formation 
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(fuel, thermal, and prompt NOx) and destruction mechanisms (NOx 

reburning) for pulverised coal MILD combustion; 

4. To conduct a comprehensive experimental and numerical investigation to 

probe the influence of jet inlet velocities of pulverised brown coal on the 

flame stability and pollutants’ formation and destruction under MILD 

combustion conditions; 

5. To evaluate the effects of particles’ size on the burning characteristics (in-

furnace temperature profile, chemical species, and exhaust emissions) of 

pulverised brown coal under MILD combustion conditions through 

experimental and numerical investigations; 

6. To analyse the effect of vitiated co-flow O2 concentrations and co-flow 

temperature on the MILD combustion characteristics of the pulverised brown 

coal. 
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ABSTRACT: Moderate or Intense Low oxygen Dilution (MILD) combustion is a promising technology that offers high thermal
efficiency and low pollutant emissions. This study investigates the MILD combustion characteristics of pulverized coal in a
laboratory-scale self-recuperative furnace. High-volatile Kingston brown coal and low-volatile Bowen basin black coal with
particle sizes in the range of 38−180 μm were injected into the furnace using either CO2 or N2 as a carrier gas. A water-cooled
sampling probe was used to conduct in-furnace gas sampling. Measurements of in-furnace gas concentration of O2, CO, and NO,
as well as exhaust gas emissions and in-furnace temperatures, are presented. The results suggest major differences between the
two coals and minor differences associated with the carrier gas. It was found that the measured CO level of brown coal cases was
10 times higher than that of black coal cases. However, NO emission for brown coal was only 37% of that measured for black
coal at an equivalence ratio of Φ = 0.88. Ash content analysis showed that black coal was not burnt effectively, which is thought
to be due to the particle residence times being insufficient for complete combustion in the furnace. To augment the experimental
measurements, computational fluid dynamic modeling was used to investigate the effects of coal particle size and inlet air
momentum on furnace dynamics and global CO emissions. It is found that coal particle size affects the coal penetration depth
within the furnace and the location of the particle’s stagnation point. The effects of air inlet momentum are tested in two ways:
first, by raising the inlet temperature at a constant mass flow rate, and, second, by increasing the mass flow rate at a constant
temperature. In both cases, increasing the air jet momentum broadens the reaction zone and facilitates MILD combustion, but
also lowers reaction rates and increases CO emissions.

1. INTRODUCTION

From early times to the present day, energy has played a critical
role in the development of civilization. The major portion of
global energy needs are supplied by the combustion of fossil
fuels.1 Although renewable energy is the world’s fastest growing
form of energy, its share is currently only 10% of the total
energy use and is predicted to increase to only 16% by 2035.1

Hence, it is imperative to reduce the impact of traditional
energy sources on the environment in parallel with the
development of renewable sustainable energy sources for the
future. Among all the fossil fuel sources, coal is one of the most
abundant and typically the least-expensive fossil fuel in the
world, and many forecasts show that this position will remain
unchanged in the foreseeable future.1 Therefore, it is important
that the development of new coal combustion technologies to
reduce pollutant emissions and improve thermal efficiency is
continued.
In view of this, Moderate or Intense Low oxygen Dilution

(MILD) combustion has been identified as an innovative
approach for reducing the production of pollutants and
increasing thermal efficiency from the combustion of fossil
fuels. Well-documented research2−4 has shown that burning
fuels under MILD combustion conditions results in a
substantial reduction in pollutant emissions (∼80% in NOx)
and an increase in thermal efficiency (∼30%). MILD
combustion operates on the combination of heat and exhaust
gas recirculation.5 The recirculation of the exhaust gas
decreases the local oxygen concentration and increases the
temperature of the reactants. The lower oxygen concentration

slows the reactions and leads to a distributed reaction zone. As
a result, a distributed thermal field is established, which leads to
a semi-uniform temperature distribution with a reduced peak
temperature; thus, thermal NOx formation is considerably
reduced. MILD combustion is often called “flameless
combustion” or “flameless oxidation”,6 because, under certain
conditions, the flames are both invisible and inaudible. This
combustion is part of the “High Temperature Air Combustion”
(HiTAC) regime, because the combustion air is usually
preheated to high temperatures.7 The term “MILD combus-
tion” will be used throughout this paper.
There is a growing body of work on the MILD combustion

regime.2,4,8 Nevertheless, some fundamental aspects of this
relatively new field are still unresolved and require further
consideration. Some of these issues relate to air preheating and
its impact on the system thermal efficiency. Kumar et al.9 at the
Indian Institute of Science and Dally’s group at The University
of Adelaide reported10,11 that air preheating is not needed to
achieve MILD combustion and that strong internal recircula-
tion provides a simpler and effective alternative. Dally et al.12

investigated the effect of heat and flue gas recirculation on the
establishment of MILD condition in a furnace and found that
initial dilution of fuel with CO2 and N2 affects the combustion
reaction by reducing the peak temperature of the reaction zone
and that contributes to reducing thermal NOx emission. On the
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application side, Szegö et al.11,13 studied MILD combustion on
a furnace fitted with a parallel jet burner operating at a heating
load of 15 kW. These studies reported that premixing the fuel
with an inert gas, which simulates exhaust gas recirculation in
the fuel jet, helps to achieve the MILD conditions without air
preheating. These findings from a parallel jet furnace are being
applied to pulverized coal as a solid fuel in this study.
MILD combustion has been studied extensively for gaseous

and liquid fuels and has been successfully used in many
industrial applications.2 However, MILD combustion of
pulverized coal has received much less attention than that of
gaseous fuels and its burning characteristics are poorly
understood. Some studies have recently been reported on
pulverized coal combustion under MILD conditions.14−17 An
experimental study on the MILD combustion behavior of high
volatile coal was conducted in a semi-industrial scale furnace
with 0.58 MW thermal input by Weber et al.16 at the
International Flame Research Foundation (IFRF). High-
temperature air (1573 K) was used to burn high-volatile coal
and the lowest NOx emissions were recorded in the range of
160−175 ppm (at 3% O2), demonstrating the high NOx
reduction potential of this technology for pulverized fuels
also. However, the basic mechanism of NOx formation is not
clearly understood from the experiments. MILD combustion of
pulverized bituminous and anthracite coal was experimentally
investigated by Suda et al.18 The inlet air was preheated to a
temperature of either 623 or 1073 K in order to compare the
effects of air temperature. The authors concluded that the
ignition delay decreased rapidly with increasing air temperature,
because of the rapid devolatilization of the coal particles, which
is caused by a higher particle heating rate.
Numerical studies on MILD coal combustion were

performed by He et al.,19 using the experimental results of
Suda et al.18 to investigate NOx formation and destruction
mechanisms. It was reported that 90% of the NOx emissions
were formed through the fuel path and the remaining 10% were
formed through the thermal route. The authors concluded that
for low-volatile anthracite coal, NO is mainly formed from the
nitrogen contained in char, the mechanism of which is not well-
understood. An experimental investigation on the NOx
emissions in air, Ar/O2, and CO2/O2 atmospheres for MILD
combustion of lignite and bituminous coal was carried out by
Stadler et al.20 This investigation showed a large reduction of
thermal NO in the MILD mode. It also showed an increase of
fuel-NO that was primarily related to the reduction of the peak
flame temperature in MILD combustion. Zhang et al.21 used a
novel preheating chamber to create a two-stage hot gas
recirculation in to and out of the chamber for the MILD
combustion of petroleum coke and low-rank anthracite coal.
These authors found that the rapid heating of the combustible
mixture in the chamber facilitates pyrolysis and volatile matter
release processes for the fuel particles, thereby suppressing
ignition delay and increasing combustion stability. They also
reported that the NOx emission was 50% lower by comparison
with a conventional low NOx burner when anthracite coal was
combusted. The authors concluded that this technology is a
practical, efficient, and clean way to burn solid fuels. A
computational fluid dynamics (CFD)-based mathematical
model for MILD combustion of pulverized Guasare (high
carbon bituminous) coal was developed by Schaffel et al.17 to
investigate the pollutant (NOx and CO) emission mechanism.
It was found that the volatiles are released in a highly sub-
stoichiometric environment and their N-containing species are

preferentially converted to molecular nitrogen rather than to
NO. This indicates that stronger NO-reburning mechanisms
exist in the MILD combustion, when compared with
conventional coal combustion technology. Recent efforts of
Vascellari and Cau14 have concentrated on numerical modeling
of high-volatile bituminous pulverized coal MILD combustion
using advanced turbulence-chemistry interaction models with
detailed kinetic mechanisms to better understand the MILD
combustion process and accurately predict the velocity,
temperature, and gas concentrations. The numerical simu-
lations were performed using the geometry and the working
conditions of the IFRF furnace16 and were validated using the
experimental results of Weber et al.16 This numerical model
was able to predict the velocity field effectively but slightly
overestimates the flame temperature, in comparison with the
experimental data, and the NO concentration was slightly
overestimated in the devolatilization zone. The authors revealed
that the coal conversion mechanisms, including drying,
devolatilization, and char burnout under MILD conditions,
are responsible for the delayed flame lift-off and so different
turbulence−chemistry models and kinetic mechanisms are
needed to capture it. Therefore, the influence of these models
needs to be further investigated in order to increase the overall
accuracy of the numerical analysis.
The above discussion indicates that there is a need for further

work on MILD combustion of pulverized coal to probe the
combustion characteristics and facilitate better understanding of
the formation and destruction of pollutants, such as CO and
NO, under MILD conditions. Hence, this paper reports an
experimental and numerical study that examines the use of
high-volatile brown coal and low-volatile black coal in a self-
recuperative MILD combustion furnace. On the experimental
side, the effect of the carrier gas, fuel type, and the operating
parameters on the characteristics of MILD combustion, in-
furnace gas concentrations, and temperature, as well as
pollutants emission in exhaust, are discussed and analyzed.
The complementary numerical study investigates the effects of
coal particle size and inlet air momentum on furnace dynamics
and global CO emissions. The numerical results are also
presented to shed light on the flow and structure of the thermal
fields inside the furnace. First, the furnace geometry, meshing,
and all numerical models used are discussed. Then, results from
seven cases of simulations with different air inlet momenta and
fuel particle momenta are presented and discussed.

2. EXPERIMENTAL AND NUMERICAL DETAILS
2.1. Experimental Setup. In the present study, a laboratory-scale

MILD combustion furnace (MCF) is used as shown in Figure 1.
Further details of the furnace have previously been reported by Szegö
et al.11 The furnace has an inner square cross-section of 280 mm × 280
mm and a height of 585 mm and is lined with a high-temperature
ceramic fiber board refractory. The furnace is preheated to
temperatures above that of the autoignition of the fuel, using a non-
premixed natural gas flame. The switch to MILD mode is achieved
once the temperature at the lower corner of the furnace, which is
identified as the safety thermocouple (TC) in Figure 1 exceeds 850
°C. The burner block and jet arrangement at the bottom of the furnace
is shown in Figure 2. The central fuel nozzle, with an internal diameter
of 7.5 mm, is fitted with a bluff body (22 mm in diameter) and is
surrounded by an air nozzle with an internal diameter of 26.4 mm. It is
noteworthy that the bluff body was only used to achieve flame stability
during preheating of the furnace for the experiments.

When switching to MILD mode, the inlet air through the central air
nozzle is switched to the four surrounding periphery jets, which have
an internal diameter of 4 mm. Pulverized coal particles replace natural
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gas in the central fuel nozzle and is carried into the furnace using either
CO2 or N2.
The furnace was equipped with two cooling-loop heat exchangers

on opposite sides to each other. Water is supplied to the heat
exchangers at a constant inlet temperature and flow rate. The heat
exchangers were positioned at a height of 292 mm above the burner
plane and had an exposed surface area of 0.03 m2. When furnace
operates at 15 kW, heat exchangers remove 4.5, 4.83, 4.32, and 4.04
kW of heat on average for the combustion of CO2 carried brown coal,
CO2 carried black coal, N2 carried brown coal, and, N2 carried black
coal, respectively.
The mole fractions of O2, CO, and NO in the exhaust and within

the furnace were measured using a TESTO Model 350XL portable gas
analyzer. The absolute errors of these measurements, according to the
manufacturer’s specifications, are ±0.8% (by volume) for O2, ±10
ppmv for CO, and ±5 ppmv for NO of measured value. The internal
temperatures of the furnace were measured on the centerline (x = 0
mm) and 100 mm left from the centerline (x = −100 mm), across the
height (z-axis) of the MCF for all experiments. The exhaust gas
temperature was measured at a distance of 100 mm from the furnace
outlet with a stainless steel sheathed nickel−chromium (Type K)
thermocouple. The furnace reference temperature was measured flush
with the inner surface using a 6 mm-diameter sheathed Nicrosil-Nisil
(Type N) thermocouple, placed at 42.5 mm from the bottom of the

furnace. Additional thermocouples with a 6-mm-diameter bead made
of Pt/Pt 13% Rh (Type R) are inserted horizontally at heights of
142.5, 242.5, 342.5, 442.5, and 542.5 mm. All temperature measure-
ments are logged using a personal computer (PC) and USB-TC data
logger. No radiation correction of the thermocouple measurements
was attempted in this study, because it was not possible to measure the
temperature distribution of all walls in the furnace, which was
equipped with one thermocouple that measured the wall temperature
at one location. An estimate of the correction, assuming uniform
surface temperature on all walls, indicates that radiation losses affect
the reported thermocouple measurements by <2%.

A cyclone-based ash collector was used to separate ash from the
exhaust gas stream.

A sampling probe was developed for in-furnace gas sampling during
MILD combustion. The probe consisted of three stainless steel
concentric pipes, enabling cold water to circulate in the probe for rapid
quenching of hot combustion gases. The schematic diagram of the
sampling probe is shown in Figure 3. This probe is straight and

introduced through the thermocouple ports of the furnace toward the
y-direction while the main direction of the flow follows in the z-
direction. In these experiments, O2, CO, and NO were measured along
the centerline (x = 0) and 100 mm left from the centerline (x = −100)
of the furnace. The sampling probe was traversed in the horizontal
directions (y-axis) at three positions (y = 0, 50, and 100 mm) across
different planes at 12 holes of various vertical locations (z-axis) of the
furnace to provide a total of 36 points of measurement.

2.2. Characteristics of Coal. Two different types of coal were
tested in this study: Kingston brown coal, which is low-rank and high-
volatile lignite, and Bowen Basin black coal, which is high-rank and
low-volatile anthracite. The coal particles were milled and sieved into
the 38 μm < d ≤ 180 μm size range. Proximate and ultimate analyses
of the coals are presented in Table 1. The gross dry calorific values of
brown coal and black coal are determined to be 20.0 MJ/kg and 31.9
MJ/kg, respectively.

A coal feeder was specifically built for the purpose of decoupling the
carrier gas flow rate from the solid particle supply rate. A small screw
feeder that was operated using a stepper motor controlled the amount
of coal fed into the feeding chamber. The carrier gas was set at a
constant flow rate.

2.3. Numerical Modeling. This study uses a three-dimensional,
structured, hexahedral mesh of 1.1 million cells, and models one-

Figure 1. Schematic diagram of the MILD combustion furnace and
supply system.

Figure 2. Burner block showing the arrangement of the fuel and air
delivery jets and exhaust ports.

Figure 3. Sketch of the in-furnace sampling probe.

Table 1. Coal Analyses

Kingston brown coal
(wt % db)

Bowen basin black coal
(wt % db)

Ultimate Analysis
C 52.5 81.2
H 3.6 3.6
O 17.73 3.47
N 0.48 1.35
S 4.09 0.58

Proximate Analysis
fixed carbon 35.7 80.7
volatile matter 42.7 9.5

ash 21.6 9.8
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quarter of the furnace geometry. A grid-independent study was
conducted, and the current mesh density was determined to be
adequate. This simplification reduces computational expense and
assumes symmetry. A constant surface temperature of the heat
exchanger was assumed, and the heat removed was matched with the
measured value.
All models presented in this work solve the steady Reynolds-

averaged Navier−Stokes (RANS) equations in the ANSYS Fluent v.
14.5 code. For consistency with previous numerical studies on this
furnace, the RANS equation closure uses the two-equation realizable
k−ε turbulence model22 with the SIMPLE algorithm for pressure−
velocity coupling. Particle size range from 38 μm to 180 μm in
diameter and follow a Rosin-Rammler distribution. Only brown coal
carried by CO2 was modeled in this study. Coal devolatilization
follows a single-rate model, according to Kobayashi et al.,23 using
Arrhenius coefficients of A = 6.6 × 104 s−1 and Ea = 1.06 × 105 J/(kg
mol). Coal particles are treated as a discrete phase and are tracked
using a deterministic Lagrangian approach24 to update particle source
terms. Radiation modeling uses the discrete ordinates model.25 All
spatial discretizations follow the first-order upwind scheme. Simu-
lations were run using the Tizard supercomputer at eResearch SA on
24 cores.
2.3.1. Chemical Mechanisms and Models. The combustion model

uses finite rate chemistry with the Eddy Dissipation Concept (EDC)
model26 for turbulence−chemistry interaction. EDC allows consid-
eration of complex kinetic mechanisms. The multiple surface reactions
combustion model is used for a six-reaction chemical mechanism,
which includes volatile combustion and char burnout. Rather than
track individual volatile species (e.g., CH4), this work is limited to a
global volatile combustion mechanism. Reactions 1 and 2 fully oxidize
CxHyOzNlSn. After volatile matter combustion, the char remaining in
the coal particle reacts with the surrounding gas phase. Considering
exhaust gas recirculation, high CO2 and H2O concentrations
characterize coal MILD combustion. Therefore, gasification and
Boudouard reactions are considered, in addition to oxidation.
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Variables x, y, z, l, and n are found from the ultimate analysis of the
coal used (refer to Section 2.2). Refer to Table 2 for the Arrhenius
coefficients.
2.3.2. Model Parameters and Cases Considered. For all models

presented in this paper, only brown coal in a carrier gas of CO2 is
considered. The fuel stream has a mass flow rate of 0.236 g/s, with a

carrier gas flow rate of 7.79 m/s at 300 K. The cases of interest are
summarized in Table 3. Cases 1−3 examine the influence of particle

diameter at a constant inlet fuel and air jet momentum ratio. Cases 1,
4, and 5 examine the influence of the inlet air jet momentum increase
at constant mass flow rate through air preheating. Lastly, the inlet air
jet momentum is increased at constant temperature by increasing the
mass flow rate (Cases 1, 6, and 7). In all cases, the fuel inlet
temperature is kept at 300 K, and the furnace wall and heat exchanger
temperatures are held at constant values of 1150 and 450 K,
respectively.

3. RESULTS AND DISCUSSION
Four different experiments were conducted using Kingston
brown coal and Bowen Basin black coal with either CO2 or N2
as the carrier gas. The coal particles carried by either CO2 or N2
were supplied through the center jet, while the inlet air was
supplied through the four periphery jets. A summary of the
operating conditions is shown in Table 4. The results obtained
from the numerical models are presented in Section 3.5 after
the presentation of experimental observations. While the main
objective of the numerical models in this work is to conduct a
parametric study instead of directly interpret the experimental
observations, the numerical model for Case 1 is validated with
experimental results. The model validation is presented in
Sections 3.2 and 3.3.

3.1. Exhaust Gas Emission. A time history of the mole
fractions of O2, CO, and NO in the exhaust for brown coal and
black coal carried by either CO2 or N2 is shown in Figures 4
and 5, respectively. These figures imply that the switch of the
carrier gas from CO2 to N2 for coal combustion under the
MILD mode was associated with the major differences with
respect to CO emissions and also had minor influence on the
NO emissions. Minor variations in the feeding rate of the coal
impacted on the equivalence ratio (ϕ) and the O2
concentration in the exhaust. This is also responsible for the
change in CO concentration, especially for brown coal, because
it was more “sticky” and harder to feed at a consistent rate.
Figure 4 shows that, in the case of brown coal carried by

CO2, the measured CO levels were 4990 ppm for an
equivalence ratio of ϕ = 0.89 but decreased to 2790 ppm at
ϕ = 0.86. However, for N2 as a carrier gas of brown coal, the
measured CO levels varied between 1661 ppm and 5179 ppm
at ϕ = 0.86 and 0.92, respectively. The measured NO emissions
from these conditions are listed in Table 4. For brown coal
carried by either CO2 or N2, the measured NO level is ≤236
ppm. In particular, for an equivalence ratio of ϕ = 0.88, the NO
measurements were 178 ppm for brown coal carried by CO2
and 223 ppm for brown coal carried by N2. The reason behind
the increase in NO concentration, relative to changes in the
carrier gas, is not well-understood. Nonetheless, it is speculated
that the additional N2 in the furnace from the carrier gas

Table 2. Arrhenius Coefficients for Reactions 1−6

reaction A Ea (J/kg mol) reference

1 4.84 × 107 5.1 × 107 27
2 1.3 × 1011 1.26 × 108 28
3 5 × 10−3 7.4 × 107 29
4 6.35 × 10−3 1.62 × 108 30
5 1.92 × 10−3 1.47 × 108 30
6 9.87 × 108 3.1 × 107 31

Table 3. Summary of Cases of the Numerical Investigation

case particle diameter (μm) air temperature (K) air mass flow rate (g/s)

1 38−180 300 1.27
2 38 300 1.27
3 180 300 1.27
4 38−180 400 1.27
5 38−180 500 1.27
6 38−180 300 1.48
7 38−180 300 1.77

Energy & Fuels Article

dx.doi.org/10.1021/ef5006836 | Energy Fuels 2014, 28, 6046−60576049



increases the overall N2 concentration and contributes to
relatively higher NO emissions in the corresponding cases.
A similar experiment, as presented for the previous cases, was

conducted for black coal carried by either CO2 or N2. Figure 5

shows that the measured CO concentration for N2 as the
carrier gas is up to 2-fold lower than those measured for the
case where CO2 was used as the carrier gas at the equivalence
ratio of ϕ = 0.90. The recorded NO concentration for both
carrier gases with black coal, listed in Table 4, is ≤366 ppm.
The measured NO emissions from black coal combustion are

observed to be higher than those of brown coal combustion.

The reason behind this increase can be explained by a brief
description of NO formation behavior of pulverized coal
combustion. In pulverized coal combustion, NO emission is
formed via three routes: fuel-NO, thermal-NO, and prompt-
NO.32−34 Fuel-NO is formed by oxidation of the nitrogen
bound in the fuel, where molecular nitrogen N2 is released as
hydrogen cyanide (HCN) and ammonia (NH3) during
devolatilization and char burnout. Then, HCN and NH3 react
with oxygen and NO to produce NO and N2, respectively.
Thermal-NO formation is based on the oxidation reactions of
the N2 contained in the inlet air, which are favored by high
flame temperature. Therefore, under MILD combustion, the
reduced temperature minimizes NO production through
thermal-NO pathways. Then, prompt-NO is formed by
reactions of local N2 with hydrocarbon radicals in fuel-rich
regions of the flame.33 It is believed that prompt-NO has a
minor influence on MILD combustion, because reactants are
diluted with combustion products.The fuel-NO mechanism
represents the main NO formation for coal MILD combustion,
while the thermal-NO mechanism is reduced by the low flame
temperature and prompt-NO plays a secondary role. It is thus
concluded that, for black coal combustion, the high nitrogen
contents of fuel (where the nitrogen content in black coal is
∼64% higher than that of brown coal) lead to higher NO
emissions that are produced through the fuel NO formation
mechanism.
The measured CO levels of brown coal were generally higher

in these experiments than the black coal. The higher CO
emissions for brown coal are related to the more-significant
char burnout of brown coal (char burnout is discussed further
in Section 3.4 of this paper) by the heterogeneous reactions
between char (Cchar) and gaseous products according to
reactions 3−5. Consequently, the furnace temperature for this
case was found to be lower, because of the endothermic nature
of the heterogeneous reactions.15,35,36 It has been reported by
Stadler et al.15 that heterogeneous reactions of char with O2,
CO2, and H2O contribute to the production of high CO
concentration in coal MILD combustion. Generally, heteroge-
neous (also called gasification) reactions of char alter the CO/
CO2 balance, increasing CO concentrations and reducing
particle temperature, because of their endothermic behavior.36

Therefore, the explanation for the phenomenon of lower
furnace temperature and higher CO emission for the brown
coal case is the endothermic nature of the heterogeneous
reactions between char and gaseous products of the
combustion reactions.

3.2. Furnace Temperature. Figure 6 shows the time
history of the furnace temperature at five different locations
along the centerline inside the furnace as well as the exhaust gas
temperature for brown and black coal that was carried by CO2.
The temperature difference across the furnace is <100 K and
quite uniform, which implies that a homogeneous temperature
distribution is achieved in MILD coal combustion. In the figure,

Table 4. Operating Parameters and Resulting Emissions for MILD Combustion Using Pulverized Coals

parameter CO2 carried brown coal N2 carried brown coal CO2 carried black coal N2 carried black coal

periphery air jet velocity (m/s) 86.2 86.2 86.2 86.2
equivalence ratio, ϕ 0.88 ± 0.02 0.89 ± 0.03 0.88 ± 0.03 0.89 ± 0.01
central fuel jet velocity (m/s) 7.92 10.43 7.92 10.43
thermal input (kW) 15 ± 0.2 15.2 ± 0.7 15.5 ± 0.5 15.5 ± 1
CO in the exhaust (ppmv dry) 2790−4996 1661−5179 331−547 300−310
NO in the exhaust (ppmv dry) 178−228 164−236 296−366 347−366

Figure 4. Temporal variations of O2, CO, and NO measured in the
exhaust for brown coal, carried by either CO2 or N2, under the MILD
combustion mode.

Figure 5. Temporal variations of O2, CO, and NO measured in the
exhaust for black coal, carried by either CO2 or N2, under the MILD
combustion mode.
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the furnace has a more consistent temperature profile, which
implies a reasonably uniform combustion process and heat
release from the black coal within the furnace. The semi-
uniform furnace temperature implies strong recirculation of hot
combustion products inside the furnace, which plays a key role
in establishing MILD combustion. The average mixture
temperature of the furnace for the brown coal case was
determined to be ∼1300 K, and the exhaust gas temperature
was measured to be ∼930 K. Whereas for black coal, the
average gas temperature of the furnace was measured to be
∼1450 K, with the exhaust gas temperature being ∼950 K.
Figure 7a shows the computed temperature contour plot at

the symmetry planes for brown coal under the MILD mode at
an equivalence ratio of ϕ = 0.88 and with a carrier gas of CO2.
The plot shows that the air jets dominate the flow pattern in

the furnace and create a large recirculation zone in the top part
of the furnace. The periphery air jets (operating at a velocity of
U = 86.2 m/s) impinge on the top of the furnace and turn back
to engulf the central fuel jet, reacting with its volatiles to create
a mixture of hot products with a temperature of ∼1350 K.
Figure 7b shows a qualitative comparison of computed and

measured temperatures. The plot shows that the temperature
difference of the recirculated products is within 50 K inside the
furnace. From the numerical results, it is clear that the central
jet penetrates further into the furnace and its temperature is
lower than the measured values. It is believed that the cold zone
is related to a delayed ignition of the flame, as well as the
relatively poor performance of the devolatilization model.
However, the numerical results reasonably capture the
temperature profile from the middle to the top of the furnace
with slight overestimations (∼50−100 K). The performance of
this model is reasonable, considering its simplicity in
representing the gas phase reactions.
The comparisons between the measured mean temperatures

of brown coal carried by CO2, brown coal carried by N2, and
black coal carried by CO2 cases and numerical results for the
temperature of case 1 (see Table 3) are shown in Figure 8. The
furnace temperatures were measured along various vertical
locations (the z-axis) of the furnace centerline (x = 0 mm) and

Figure 6. Time history of measured furnace temperature at different
heights within the MILD combustion furnace operating on either
brown coal or black coal carried by CO2.

Figure 7. (a) Temperature distribution of numerical results along the
vertical section; (b) temperature profile of numerical and experimental
results at the centerline of the furnace for the combustion of brown
coal carried by CO2.

Figure 8. Comparison of numerical and measured temperature profiles
at x = −100 mm (left) and x = 0 (centerline) along the vertical
locations (the z-axis) at different horizontal distances (the y-axis) from
the center of the furnace.
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100 mm left from the centerline (x = −100 mm) for each cases.
For both cases, the highest temperatures were recorded at the
top of the furnace (z = 542.5 mm), because the top position of
the furnace is expected to have hot combustion products. It is
clear that the temperature is quite uniform, with a difference as
little as 50 K at different locations. However, a clear distinction
exists between those measured temperatures of the brown and
black coal combustion experiments. For instance, the maximal
mean temperature of the combustion of the black coal (carried
by CO2) is ∼200 K higher than that of maximal mean
temperature of the combustion of the brown coal (carried by
CO2). The temperature discrepancy between these cases is
related to the CO production by heterogeneous reactions of
char. Such reactions are endothermic36 and responsible for
decreasing the temperature of the reaction zone.
After primary pyrolysis when volatile matter is completely

released, the char remaining in the coal particles reacts with the
surrounding gases. Considering the strong exhaust gas
recirculation of MILD combustion, high CO2 and H2O
concentrations react with the char that remains in the coal
particle, besides oxidation. A large amount of CO is produced
from char burnout, according to reactions 3−5. CO formation
inversely affects the furnace temperature. When compared to
the black coal experiments, the brown coal produced a higher
concentration of CO and, thus, had a lower furnace
temperature. Furthermore, Figure 8 shows the distinction in
the mean temperatures between that of the combustion of
brown coal carried by CO2 and the combustion of brown coal
carried by N2. The mean temperature of the furnace during the
combustion of brown coal carried by N2 is higher because (1)
the specific heat of CO2 is higher than N2 (at these flow rates,
the heating of CO2 as a carrier gas takes 33% more energy,
compared with N2 as a carrier gas) and (2) a equivalence ratio
of the combustion of brown coal carried by N2 is relatively
higher (see Table 4).
In Figure 8, no substantial difference between the model

predictions and the measurements for the gaseous temperatures
of brown coal carried by CO2 case can be seen with exception
of the fuel jet at the centerline of the furnace (x = 0 mm, y = 0
mm) and around to the air jet (x = −100 mm, y = 0 mm)
positions. The numerical model underestimates the flame
temperature at these (x = 0 mm, y = 0 mm and x = −100 mm, y
= 0 mm) positions. The underestimation of these temperatures
can be explained by the presence of a cold zone that
corresponds to the adjacent jet of the model, which is not
found by experimental observation. Nonetheless, the temper-
ature level and the temperature peaks are well-reproduced by
the simulations at the position of y = 50 mm and y = 100 mm.
It is noteworthy that temperature profiles are flat from the
middle to top of the furnace, since pointing to a homogeneous
mixture and a slow reaction. This feature is well-reproduced by
the numerical model. Generally, the agreement between the
temperature predictions by the model and the measurements is
quite reasonable.
3.3. In-Furnace Gas Sampling. 3.3.1. In-Furnace CO

Concentration. Figure 9 shows numerical results for Case 1
(see Table 3) and measured in-furnace CO molar fraction (dry
basis) of flames with brown and black coal and under MILD
conditions, along the vertical direction (the z-axis) of the
furnace. For brown coal, a high concentration of CO was
measured at the lower part of the furnace, because of the early
volatile matter release. It is observed that the highest
concentration of CO at 5% was found at the centerline,

where (x = 0) and z = 142.5 mm in the furnace, for the case of
brown coal with N2. Along the centerline of the furnace, the
measured CO mole fraction was highest in the coal
devolatilization zone. Hence, it is believed that, for these
experimental conditions, the devolatilization zone of brown
coal was located at ∼142.5 mm above from the fuel jet exit. It is
remarkable that at the middle parts of the furnace (z = 342.5
mm), CO levels are found at their lowest, suggesting that
gaseous volatiles are completely burned by then. The upper
part of the furnace has a low concentration of CO, not
dissimilar to that at the exhaust.
On the other hand, for black coal case, the release of volatiles

seems to start at the z = 342.5 mm position of the furnace,
because of the slow pyrolysis of low-volatile and high-rank black
coal. Also, for the combustion of black coal, the CO mole
fraction was determined to be always <0.5%. The large
difference in CO production between the combustions of
black and brown coal is mainly related to the char burnout, as a
large part of the CO is produced from effective char burnout
according to reactions 3−5. The incomplete char burnout of
black coal is further discussed below, in Section 3.4.
Numerical simulation predicts smaller concentration of CO,

with respect to the experimental results. This difference could
be attributed to several reasons. CO is formed and oxidized in

Figure 9. Comparison of numerical and measured in-furnace CO dry
molar fraction at x = −100 mm (left) and x = 0 (centerline) along the
vertical locations (the z-axis) at different horizontal distances (the y-
axis) from the center of the furnace.
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several parallel and sequential reactions. CO is released as a
volatiles component, as a volatile oxidation product, and as a
char combustion product. CO is oxidized by OH radicals and O
radicals, although with a lower rate. Moreover, the water gas
shift reaction (CO + H2O → CO2 + H2) alters CO
concentrations. None of those processes were considered in
the numerical simulation except volatile oxidation and char
combustion. In addition, the discrepancy between measured
values of CO dry molar fraction and model predictions could
be related to the poor performance of the devolatilization
model.
3.3.2. In-Furnace O2 Concentration. In Figure 10, the

numerical results for Case 1 (see Table 3) and measured in-

furnace O2 molar fractions (dry basis) for brown and black coal
combustion under MILD conditions along the vertical direction
(the z-axis) of the furnace are shown. The O2 concentration at
100 mm away from the centerline (y = 100 mm) is measured to
be higher, because of the position of air jets (see Figure 2).
Primary air of the combustion is introduced into the furnace
through this position; as a result, the O2 concentration was
measured to be ∼7.2%. vol Whereas, at the centerline of the
furnace (x = 0, y = 0), the mean O2 mole fraction was less than
∼5 vol %. Because of the low oxygen concentration, chemical
reactions under MILD combustion occur more slowly than in

conventional combustion and the reaction zone spreads
throughout the entire volume of the furnace; in turn, a
volumetric reaction is established. This distributed heat release
coupled with strong recirculation, leads to the semi-uniform
furnace temperature under these conditions.
No major differences between the experimental results and

the calculated values by the simulation for the O2

concentrations can be observed from Figure 10. However, the
O2 concentrations are slightly underestimated from the middle
to the top of the furnace along the centerline (x = 0 mm, y = 0
mm), which is consistent with the temperature predictions by
the model regarding those positions. It may be related to
inaccurate prediction of the entrainment of the fuel jet.
Predictions of O2 concentrations in other locations of the
furnace are reasonably similar to the measurements. Altogether,
numerical predictions of O2 concentrations and the measure-
ments are in a good agreement.

3.3.3. In-Furnace NO Concentration. In Figure 11, the
measured in-furnace NO mole fraction (dry basis) of brown
and black coal combustion under MILD conditions along the
vertical direction (the z-axis) of the furnace, is shown. The plots
show that, when burning brown coal that has been carried by
CO2, NO formation at the top part of the furnace is consistent

Figure 10. Comparison of numerical and measured in-furnace O2 dry
molar fraction at x = −100 mm (left) and x = 0 (centerline) along the
vertical locations (the z-axis) at different horizontal distances (the y-
axis) from the center of the furnace.

Figure 11. In-furnace NO dry molar fraction at x = −100 mm (left)
and x = 0 (centerline) of the MILD combustion furnace operating on
brown coal carried by either CO2 or N2, and black coal carried by CO2
along the vertical locations (the z-axis) at different horizontal distances
(the y-axis) from the center of the furnace.
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at ∼400 ppm, while at the bottom (z = 42.5 mm) of the furnace
the NO mole fraction decreases to 210 ppm near to the exhaust
port (y = 50 mm). This result points to the reburning of NO, as
the top part of the furnace is known to have recirculating
products. Exhaust gas recirculation of NO produces a positive
reburning consumption,37,38 where NO reacts with hydro-
carbons according to the following reaction:

+ → +CH NO HCN productsi (7)

As a result, the overall NO emission is subsequently reduced.
In the case of black coal carried by CO2, the level of NO is

constant at furnace locations 342.5 mm and 442.5 mm away
from the centerline. The NO mole fraction in the furnace
changes marginally in other locations and at the bottom of the
furnace is ∼350 ppm, which is not dissimilar from that
measured in the exhaust for the combustion of black coal.
For brown coal carried by N2, the highest NO mole fraction

was measured to be ∼650 ppm at 100 mm left from the furnace
centerline (x = −100 mm) and 50 mm away from the middle of
the furnace (y = 50 mm) and at z = 42.5 mm. The level of NO
mole fraction is generally higher for this case than that of brown
coal carried by CO2 and black coal carried by CO2 cases. The
increased NO formation is caused by the additional N2 in the
furnace from the carrier gas, which increases the overall N2
concentration and, hence, contributes to relatively higher NO
production, because of the reaction between O2 and the
abundance of N2 in the furnace. In addition, better char
burnout for this case also has minor influence on higher NO
formation by the combustion of N2 contained in the char
matrix.
3.4. Ash Content Analysis. The char for the three different

cases (black coal with CO2, brown coal with N2, and CO2 as
carrier gases) studied in this work was collected and analyzed
for ash content. The furnace ash analysis indicates that brown
coal with N2 as the carrier gas gives the best carbon burnout,
with a loss on ignition of 17.5%, while the brown coal with CO2
shows lower extents of burnout with a loss on ignition of
38.0%, while the black coal with CO2 as the carrier gas gives the
lowest carbon burnout, with a loss on ignition of 86.9%. Figure
12 displays the unburned carbon in ash and resultant CO
emissions for these cases. By performing a carbon balance, it is
estimated that only 38.9% of the fixed carbon was consumed
for black coal with CO2 and the rest is not combusted, which
points to incomplete char burnout of black coal combustion.
Conversely, the cases for brown coal with N2 and CO2 as a
carrier gas show 91.7% and 83.04% carbon burnout in the

furnace, respectively. Taking a more-detailed look at the char
burnout (Figure 12), the in-furnace temperature (Figure 8),
and the in-furnace O2 concentration (Figure 10), it is found
that higher values of temperature and O2 concentration can be
attributed to the higher char burnout for brown coal
combustion. This observation is not dissimilar to the work of
Dally et al.10 for sawdust MILD combustion in the same
furnace. However, the residence time of the coal particles in the
furnace plays a vital role in the char burnout and resulting
emissions. It is clear that the residence time was not sufficient
in the case of black coal. The calculated residence times for
these cases are summarized in Table 5. In this table, the

residence time of the supplied gaseous streams was calculated
using the furnace length method, given in parentheses, and the
volume method. The furnace length method relies on the ratio
of twice the furnace length to the fuel stream velocity, while the
volume method simply relies on the ratio of the total inlet flow
rate to the furnace volume. The particle residence time is
difficult to estimate, because of the recirculating nature of the
flow field inside the furnace. It is noteworthy that the short
residence time of carrier gases seems to lead to the appearance
of flame sheets and burning particles into the furnace.
Moreover, char burnout is also influenced by both the volatile
content and particle size. It was reported by Du et al.39 that the
char burnout is increased by ∼10%−15% when the coal particle
size is reduced from the 150−250 μm range to the 75−150 μm
range. Weber et al.16 reported that, for MILD combustion of
high volatile coal, char was completely burned. Hence, it can be
concluded that the complete combustion of coal char is
dependent on the residence time, volatile contents, and/or the
particle size.

3.5. Numerical Modeling Results. 3.5.1. Effects of Coal
Particle Diameter. Comparison of the velocity fields for Cases
1−3 (see Table 3) show that the coal particle diameter has only
a slight effect on furnace performance (results not shown for
brevity). However, the particle trajectory for these cases differs
noticeably, because of the higher Stokes numbers of larger
(heavier) particles. In all cases, the momentum of the air jet
dominates that of the fuel jet, creating a stagnation point some
distance above the fuel jet, as shown pictorially in Figure 13.
The height of the particles’ stagnation point above the exit
plane is a function of particle diameter: Case 3 produces the
highest particle stagnation point with the heaviest particles,
Case 2 produces the lowest with the lightest particles, and, for
Case 1, the stagnation point falls between the previously cited
two, because of the distribution of particle sizes. It is important
to note that the overall fuel jet momentum is the same in all
cases. Any differences between Cases 1, 2, and 3 are solely due
to the size of the particles.

Figure 12. Exhaust char burnout and average CO emissions of the
MILD combustion of brown coal carried by either CO2 or N2, and
black coal carried by CO2.

Table 5. Flame Visibility, Calculated Residence Time (Using
the Furnace Length Method), and Measured Carbon
Consumption for the Different Cases

Residence Time (s)

fuel
carrier
gas

length
method

volume
method

flame
visibility

carbon
consumption
(wt % db)

brown coal CO2 0.148 9.80 not visible 83.1
brown coal N2 0.112 9.57 not visible 91.7
black coal CO2 0.148 9.80 not visible 38.9
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In each case, devolatilization occurs rapidly and is completed
before the particles reach the stagnation point. After
devolatilization, MILD combustion proceeds in a manner
similar to that of gaseous fuels with little influence from the
particles: the high jet momentum of the air creates a strong
vortex that entrains the gaseous volatiles which combust in a
broad reaction zone, producing a nearly uniform temperature
throughout the furnace. The different particle momenta among
Cases 1−3 yield noticeably different temperature distributions
above the fuel jet (see Figure 14). This is because heavier

particles have more momentum and, therefore, penetrate
deeper into the furnace. Consequently, volatile release and
combustion will occur further downstream.
3.5.2. Effects of Inlet Air Temperatures. Cases 1, 4, and 5

(see Table 3) show the effect of increasing inlet air temperature
has on the furnace operation. Physically, these cases correspond
to an increase in jet velocity by air preheating, which adds
negligible heat (≤0.5%) to the system and results in similar
temperature profiles. In the same way that heavier particles
have greater jet penetration, increasing the air jet momentum
most noticeably lengthens the air jet cores. Figure 15 shows the
mass fraction of O2 for Cases 1, 4, and 5, respectively. It is clear
that more O2 reaches the top of the furnace in the higher
momentum cases. This has several significant implications on
the kinetic rates of reactions 1 and 2. As seen in Figure 16,

increasing the air jet momentum increases the combustion rate
of volatiles (see eq 1) in the fuel jet. Since this reaction depends
on local O2 concentration, this increase in reaction rates is due
to the increased circulation of air and higher concentration of
O2 near the fuel jet. Figure 17 shows that increasing the air jet

momentum diminishes the oxidation rate of CO, but broadens
its reaction zone to almost the entire furnace in Case 5. While
strengthened circulation patterns and broadened reaction zones
do promote MILD combustion, in this furnace, the higher inlet
air jet momenta shift the reaction zone downward into the
exhaust pipes. The result is incomplete combustion and higher
CO emissions. For Cases 1, 4, and 5, the computed CO
emissions are 1010, 1120, and 1600 ppmv, respectively.

3.5.3. Effects of Inlet Air Mass Flow Rates. Cases 1, 6, and 7
show an increase in air jet momentum by increasing the air

Figure 13. Recirculation pattern observed in the furnace.

Figure 14. Temperature contours (temperatures given in Kelvin) on
the symmetry planes for various particle diameters.

Figure 15. Mass fraction of O2 contours on the symmetry planes.

Figure 16. Contours of rates of reaction 1 (in units of mol/m3s) on
the symmetry planes.

Figure 17. Contours of rates of reaction 2 (in units of mol/m3s) on
the symmetry planes.
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mass flow rate. As with the other cases, longer air jet
penetration lengths are observed. In cases 6 and 7, volatiles
combust quickly upon release from the coal, because of the
increased O2 levels throughout the furnace, in the same way as
in Case 5.
Despite operating under leaner conditions, significantly more

CO exists in the furnace in Case 7. For Cases 1, 6, and 7, their
respective CO emissions are 1010, 1360, and 6910 ppmv. This
increase is explained by the region where reaction 2 is active, as
shown in Figure 18. As with Case 5, increasing the inlet air

momentum in Case 6 leads to a broader, more uniform
reaction zone and a small increase in CO emissions. In Case 7,
the air jet momentum is so strong that reaction 2 mostly only
happens in or near the exhaust pipe, which accounts for the
drastic increase in CO emissions. Although volatile species can
combust properly, the momentum of the air jet is too high to
entrain and oxidize CO.

4. CONCLUSIONS
This study is conducted to advance the understanding of
Moderate or Intense Low oxygen Dilution (MILD) combus-
tion characteristics of pulverized coal through a combined
experimental and numerical investigation of a parallel jet MILD
combustion burner system in a self-recuperative laboratory-
scale furnace. The key findings of this investigation are as
follows:

(1) The MILD combustion of low-rank brown coal and high-
rank black coal was successfully achieved in the present
self-recuperative furnace without any external air
preheating. The pulverized coal was carried into the
furnace using either CO2 or N2 as carrier gas. MILD
conditions were achieved for all cases, and no visible
flame was observed for any of the test cases.

(2) Results point to a major difference between the two coals
and minor differences associated with the carrier gas. It
was found that, for brown coal, the NO emissions
dropped to 37% of that measured for black coal at an
equivalence ratio of ϕ = 0.88. By comparing higher NO
concentration at in-furnace gas with a relatively low NO
emission in the exhaust, it can be concluded that there is
a strong NO reburning reaction inside the furnace,
because of the strong recirculation of combustion
products.

(3) The temperature distribution inside the furnace was
semi-uniform for all test cases investigated in this study.

Computed and measured temperature results indicate
that a large recirculation zone, similar to the gaseous fuel
MILD combustion,11 suggests rapid devolatilization of
brown coal halfway along the furnace.

(4) Ash content analysis showed that the carbon in the ash
for the black coal is quite high and suggests insufficient
residence time in the furnace.

(5) It was found that the measured CO level of brown coal
cases was 10 times higher than that of black coal cases.
The higher CO emission is related to the more-
substantial char burnout of brown coal, which is
confirmed by the carbon content analysis of the ash.

(6) Numerical modeling was performed to investigate the
effect of increasing the air jet momentum and coal
particle momentum on furnace dynamics and global
emissions for the present furnace. In all cases, volatiles
are released in the fuel jet and carried by a strong vortex
induced by the air jets in a manner not dissimilar to
gaseous MILD combustion in this furnace. The most
significant impact of increasing the air jet momentum,
either by increasing the temperature or by increasing the
mass flow rate, is an increased air jet penetration
distance. This facilitates the reaction of the volatiles and
leads to more-uniform reaction zones, except in Case 7,
where the reaction zone is limited to the base of the
furnace, resulting in insufficient mixing and increased CO
emissions, despite leaner operating conditions.

(7) The most significant impacts of the coal particle size are
on the jet penetration distance and the location of the
stagnation point. This modifies the temperature dis-
tribution above the fuel jet, but has little impact on
achieving MILD combustion. While the results of these
simulations are specific to the present experimental
furnace, it can be suggested that future experiments must
pay special attention to the relative momentum of the air
jets, fuel jets, and coal particles to ensure proper mixing,
combustion, and circulation. The results may also be
helpful in designing new, but similar, self-recuperative
furnaces.
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ABSTRACT: A numerical study of pulverized coal combustion under Moderate or Intense Low oxygen Dilution (MILD)
combustion conditions is presented in a parallel jet self-recuperative MILD combustion furnace. The Reynolds-Averaged
Navier−Stokes equations, in a three-dimensional axisymmetric furnace domain, were solved using the Eddy Dissipation Concept
model for the turbulence−chemistry interaction. The main aim of this study is to understand the influence of devolatilization
models on the prediction accuracy of pulverized coal combustion under MILD combustion conditions. In particular, three
devolatilization models are analyzed: a conventional single-rate model, a two-competing-rates model, and an advanced chemical
percolation devolatilization (CPD) model based upon structural networks of the coal with a global kinetics mechanism. In
addition, a new simplified numerical model is developed for Australian black and/or hard coal and optimized for the MILD
combustion conditions. The modeling cases are validated with the experimental results of MILD combustion of high volatile
Australian brown coal from Kingston using N2 as a carrier gas and low volatile Australian black coal from the Bowen basin using
CO2 as a carrier gas in a MILD combustion furnace. From the comparison, the advanced CPD devolatilization model with a
three-step global kinetic mechanism gives, as expected, the best agreement with the experimental measurements for the Kingston
brown coal case, while all the models tested provide similar results for the Bowen basin black coal case. The heterogeneous
reactions on the char burnout rate for pulverized coal combustion under MILD combustion conditions are presented and
discussed. The characteristics of three NO formation mechanisms, namely, thermal-NO, prompt-NO, and fuel-NO, together with
the NO reduction mechanism, named NO-reburning, are evaluated using the postprocessing modeling approach. The results
reveal that the sum of contributions from the thermal-NO and prompt-NO routes only accounts for less than 3.8% to the total
NO emissions, while the fuel-NO route dominates the NO emissions under MILD combustion conditions. It is also found that
the total NO emission is reduced by up to 47% for the brown coal case and up to 39% for the black coal case via the reburning
mechanisms.

1. INTRODUCTION
It is well-established that renewable energy adaptations alone
will not address the predicted increase in energy demand
around the world. Hence, the use of fossil fuels will remain the
predominant source of energy for the foreseeable future.
Among the available fossil fuels, coal is the cheapest and is an
abundant resource in many parts of the world. While
combustion of pulverized coal is linked to global warming
and environmental pollution, it supplies 30% of the total global
energy demands and is forecast to remain as such until 2035.1

Pulverized coal combustion influences the environment
through its CO2 emission as well as through emissions of
nitrogen oxides (NOx), sulfur dioxide (SO2), soot, mercury,
particulate matter (PM), and dozens of other substances
released to the atmosphere.2 Because of the abundant
availability of coal as well as economic reasons and more strict
legislation against pollutant emissions, major attempts are being
touted to make pulverized coal combustion more efficient and
environmentally adoptable. Thus, the improvement of
advanced pulverized coal combustion technologies is a major
goal toward increasing efficiency and lowering pollutant
emissions, in particular controlling NOx emission. In light of
this, Moderate or Intense Low oxygen Dilution (MILD)
combustion has been identified as an advanced combustion
technology to decrease combustion-produced pollutants and
improving thermal efficiency.3 This novel concept is based on
exhaust gas and heat recirculation to create a volumetric

reaction zone at reduced combustion temperatures. Therefore,
the emission of pollutants such as NOx via the thermal route
will sharply decrease due to the reduced temperature and
reduced fluctuation found in MILD combustion. Consequently,
MILD combustion technology is different from conventional
combustion technology because of the nonexistence of any
visible or audible flame at optimized conditions. As a result,
MILD combustion is also called “flameless combustion” or
“flameless oxidation, FLOX”.4 In some cases of MILD
combustion technology, high temperature combustion air is
used, and thus, this combustion regime is also named “high
temperature air combustion” (HiTAC).5 The word “MILD
combustion” will be used in this article.
There is a substantial volume of literature on gaseous6−11

MILD combustion, which has been successfully implemented
in various industrial sectors. Nevertheless, solid fuels, in
particular pulverized coal, under MILD combustion conditions
have received much less attention than that of gaseous fuels.
Thus far, some numerical and experimental investigations have
been performed on pulverized coal under MILD combustion
conditions.5,12−25

Received: July 20, 2015
Revised: October 9, 2015
Published: October 12, 2015

Article

pubs.acs.org/EF

© 2015 American Chemical Society 7650 DOI: 10.1021/acs.energyfuels.5b01644
Energy Fuels 2015, 29, 7650−7669

pubs.acs.org/EF
http://dx.doi.org/10.1021/acs.energyfuels.5b01644


On the experimental side, the first significant attempt to
apply MILD combustion technology to pulverized coal was
conducted by Kiga et al.5 by burning a high volatile pulverized
coal with high temperature preheated air in a drop-tube
furnace. Although their experimental measurements suggested
that increasing air preheat resulted in reduced NOx emissions
and increased combustion efficiency, they concluded that “the
use of high-temperature diluted air was not suitable for
pulverized coal combustion”. The MILD combustion behavior
of high volatile pulverized coal was investigated by Weber et
al.12 using high temperature air (1300 °C) in a furnace, and the
measured values of the NOx emissions at the furnace exit were
found to be in the range of 160−175 ppm (at 3% O2
concentrations), which demonstrated the high NOx reduction
potential of this technology. The results reported by Weber et
al.12 were somewhat contradictory with the conclusions
reported by Kiga et al.5 Suda et al.13 experimentally investigated
the MILD combustion characteristics of pulverized bituminous
and anthracite coal. Combustion stability, ignition delay, NOx
emission, and char burnout rate were analyzed using a 250 kW
furnace. To probe the effect of preheated combustion air
temperature on the MILD combustion characteristics, the air
temperature was raised to either 350 or 800 °C before entering
into the combustion chamber. They found that increased air
temperature drastically decreased the ignition delay owing to
the fast devolatilization of the coal. He et al.15 numerically
investigated the NOx production and destruction mechanisms
of pulverized coal combustion in a drop-tube furnace operated
in MILD mode and validated their models using the
experimental results of Suda et al.13 They reported that, for
coal with less volatiles, such as anthracite, NO is predominantly
produced from the nitrogen bound in char, whose formation
mechanism is yet to be fully understood. Schaffel et al.22

proposed a computational fluid dynamics (CFD) based model
for pulverized Guasare (bituminous) coal MILD combustion to
explore the pollutant formation mechanism. They used both
the chemical percolation devolatilization (CPD) model and the
char combustion intrinsic reactivity model to predict the flow
field as well as the temperature and the gas composition (CO2,
O2, CO, NO) fields. The results revealed that the volatile
contents of the coal particles are liberated in an extremely sub-
stoichiometric condition and their N-containing species are
predominantly altered to molecular nitrogen instead of forming
NO. The outcomes of the study revealed that MILD coal
combustion technology consists of potential NO-reburning
mechanisms in comparison with conventional technology. The
NOx concentrations were slightly under-predicted, as compared
to the measured values, while the CO concentrations varied
considerably from the experimental data. They concluded that
more elaborate schemes of volatile matter combustion are
desired. Vascellari and Cau24 conducted a numerical study
utilizing advanced turbulence−chemistry interaction models to
better understand the MILD combustion characteristics of
highly volatile bituminous pulverized coal. The numerical study
considered the working conditions and the geometry of IFRF
furnace No. 1. The numerical results were validated using
experimental outcomes of Weber et al.12 The velocity field was
well-predicted by the computational model; however, flame
temperatures were slightly overestimated than the measured
values, while the NO concentration value was highly over
predicted in the devolatilization regime. This study highlighted
the need for further investigation, in particular the influence of
devolatilization model on coal MILD combustion in order to

improve the validity of the prediction of this mode of
combustion. Furthermore, detailed kinetic mechanisms (con-
sisting of 103 reactions) and global kinetic mechanisms
(consisting of 2 reactions) for gas-phase reactions were
investigated in the study of Vascellari and Cau,24 while no
substantial success was reported for the prediction of MILD
coal combustion by the detail kinetic mechanisms in
comparison with global kinetic mechanisms. In addition, global
kinetic mechanisms are efficient in terms of computational cost
and CPU working hours. Therefore, global kinetic mechanisms
are considered to describe gas-phase reactions in our
investigation.
Generally, coal combustion modeling represents an ensemble

of sub-models to describe four physical steps, namely, particle
heating, devolatilization, volatile combustion, and combustion
of char. The most important sub-model of coal combustion
modeling is the devolatilization model, which can be expressed
as either a simple reaction rate formulation or formulations
based upon structural networks of the coal. It is well-established
that the devolatilization mode of coal combustion, and
especially the release position and rate of volatiles, are the
main controlling parameters which regulate the flame shape,
and the length and shape of the internal recirculation zone.26

However, no systematic study has been carried-out to develop
an understanding of the influence of the devolatilization model
on the prediction of coal combustion under MILD conditions.
In addition, no numerical modeling has been found in the
literature for Australian black and/or hard coal combustion
under MILD combustion conditions. The reason for extending
the numerical study of MILD combustion to Australian black is
that Australian black coal is a high rank coal which has a higher
heating value than other solid fuels such as biomass and brown
coal.27 A previous study18 has begun to address the
aforementioned gaps, but some specific issues remain
unresolved, in particular (a) NOx formation and destruction
behavior of low and/or high volatile coal under MILD
combustion conditions, (b) flow-field characteristics inside
the furnace, and (c) char burnout rate by the heterogeneous
reactions, in a self-recuperative furnace.
The present work is to address the stated gaps by solving the

Reynolds-averaged Navier−Stokes (RANS) equations using
CFD modeling, rather than expensive experimental measure-
ments, which are not viable or even possible for many cases.
The main aim is to investigate the prediction accuracy of three
devolatilization models; a conventional single-rate devolatiliza-
tion, a two-competing-rates model,34 and an advanced CPD
model based upon structural networks of the coal. The
numerical results are validated using experimental measure-
ments.18 An additional aim is to develop a simplified model for
Australian black coal combustion under MILD combustion
conditions. This paper extends previous studies18,28−30 by
adding further information on MILD coal combustion in a self-
recuperative furnace through reporting the characteristics of
thermal-NO, prompt-NO, fuel-NO, and NO-reburning mech-
anisms for the MILD combustion of high volatile, low rank
Kingston brown coal, and/or low volatile, high rank Bowen
basin black coal. Furthermore, numerical results concerning the
influence of heterogeneous reactions on char burnout rate for
the MILD coal combustion and the flow field inside the furnace
are presented and discussed.
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2. EXPERIMENTAL SUMMARY
2.1. Furnace Geometry. The geometry of the self-recuperative

MILD combustion furnace7 is shown in Figure 1. The combustion

chamber of the furnace has a square cross section of 280 × 280 mm2

and a height of 585 mm. This recuperative furnace includes a central
fuel jet (7.5 mm diameter) parallel to four air jets (each 4 mm
diameter) and four exhaust ports (each 26.4 mm diameter). Two U-
shaped cooling-loop heat exchangers were inserted at a height of 292
mm above the burner exit plane in the furnace on opposite sides to
each other. The cooling-loop heat exchangers, with an outer diameter
of 33.4 mm, had an exposed surface area of 0.03 m2 within the furnace.
The combustion furnace is preheated with a natural gas flame that is

switched off when the furnace temperature is 850 °C. Pulverized coal
particles are injected through the central fuel jet into the furnace using
either CO2 or N2 as a carrier gas. The supplied water into the heat
exchangers had a fixed inlet temperature and flow rate. The heat
exchangers transferred on-average 4.32 and 4.83 kW of heat for the
combustion of brown coal using N2 as a carrier gas and black coal
using CO2 as a carrier gas, respectively, while the furnace was fired at
15 kW.
2.2. Coal Characterization. Two types of coal were used in the

experiments, namely, high volatile and low rank brown coal from
Kingston and low volatile and high rank black coal from the Bowen
basin. The coal particles were finely pulverized and sieved into the 38
μm < d ≤ 180 μm size range. The gross heating value of Kingston
brown coal and Bowen basin black coal is measured to be 20.0 and
31.9 MJ/kg, respectively. Proximate and ultimate analyses of the coals
are given in Table 1.
2.3. Experimental Measurements and Operating Parame-

ters. The furnace temperatures were measured on the centerline and
100 mm left from the centerline, along the height (z axis) of the
furnace. The time-averaged exhaust temperature was measured at a
distance of 100 mm from the furnace exit. In these experiments, dry-
basis O2, CO2, CO, and NO gas concentrations were measured along
the centerline and 100 mm left from the centerline of the furnace. The
water-cooled sampling probe was traversed in the straight direction (y
direction) at three different locations (y = 0, y = 50, y = 100 mm)
across distinct planes of various perpendicular positions (z axis) of the
furnace, which provides in total of 36 points of measurement. The coal
particles were carried through the central jet by either CO2 or N2 while
the four periphery jets were used to inject the combustion air into the
furnace. A summary of the operating conditions is shown in Table 2.

3. COMPUTATIONAL MODELS
Coal MILD combustion simulations were performed using
ANSYS Fluent version 14.5. A quarter of the furnace was
modeled to take advantages of the symmetry. A three-
dimensional (3D) structured, hexahedral mesh of 1.1 million
cells is constructed (shown in Figure 2).

The steady RANS equations are solved by all presented
models in this investigation. The SIMPLE (Semi-Implicit
Method for Pressure Linked Equations) algorithm method is
used for the pressure−velocity coupling. The second-order
upwind scheme is employed for momentum, energy, turbulent
kinetic energy, species transport, turbulent dissipation, and
pressure discretization.
Previous numerical modeling18 has found that the two-

equation realizable k-ε turbulence model31 is the best for this
furnace. The radiation heat transfer equation is solved by using
the Discrete Ordinates (DO)32 radiation model because the
DO radiation model is considered more suitable for the

Figure 1. Side view (left) and top view (right) of the furnace modeled.

Table 1. Coal Analyses

ultimate analysis

Kingston brown coal
(wt % db)

Bowen basin black coal
(wt % db)

C 52.5 81.2
H 3.6 3.6
O 17.73 3.47
N 0.48 1.35
S 4.09 0.58

proximate analysis

Kingston brown coal
(wt % db)

Bowen basin black coal
(wt % db)

fixed carbon 35.7 80.7
volatile matter 42.7 9.5
ash 21.6 9.8

Table 2. Operating Parameters for MILD Combustion of
Pulverized Coals

parameter N2-carried brown coal CO2-carried black coal

periphery air jet velocity
(m/s)

86.2 86.2

equivalence ratio, ϕ 0.89 0.88
central fuel jet velocity
(m/s)

10.43 7.92

thermal input (kW) 15.2 15.5
inlet air temperature (K) 300 300

Figure 2. Computational grid used for numerical simulations.
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laboratory-scale furnace.33 The Rosin−Rammler distribution is
used with the particles’ mean diameter of 109 μm and the
particle size range from 38 to 180 μm in diameter to describe
particle size distribution.
The coal particles are treated as a discrete phase, whereas, for

updating particle source terms, the coal particles are tracked
using a deterministic Lagrangian method.34 The simulations
were run with 48 cores on the Tizard supercomputer facilities
of eResearch SA.
Pulverized coal combustion is modeled using four well-

defined steps, namely, drying, devolatilization, volatile combus-
tion, and char oxidation. The successive steps are illustrated in
Figure 3.
3.1. Drying. Coal particles are heated for drying the

moisture from the particles’ surface in a hot atmosphere by
radiation or convection. This process usually occurs very
rapidly. It is noteworthy that the pulverized coal used in these
experiments was predried using an electric furnace at 105 °C
for 4 h (as shown in Table 1), and thus, the computational
models do not incorporate the drying process.
3.2. Devolatilization. Coal devolatilization is referred to as

pyrolysis when coal is devolatilized in an inert gas.35 The terms
“pyrolysis” and “devolatilization” are generally not differentiated
from each other owing to the similar behavior of coal in the two
processes considering the volatile matter composition and char
chemistry. The process of evolution of combustible gases due
to the thermal decomposition of the coal is referred to as
pyrolysis/devolatilization. Coal devolatilization can be consid-
ered as a two-stage process.36 The first stage is the
decomposition of functional groups of coal particles to release
volatile matters, composed by heavy hydrocarbons (tar), light
hydrocarbons, and gases. During the second stage of
devolatilization, tar decomposes and produces soot, light
hydrocarbons, and additional gases.
It has been reported that the devolatilization process has

great impact on ignition and NOx emissions in pulverized coal
combustion.26 Three devolatilization models are considered in
the present study. The first model is a single-step reaction
model where the kinetic rate (kv) is calculated in an Arrhenius
form; kv = A·exp(−Ea/RT). Here, “A” and “Ea” represent the
pre-exponential factor and activation energy, respectively. The
single-step model is based on the assumption that the
devolatilization process is first-order dependent on the total
volatile contents in the coal particle and employs global kinetics
by the following reaction:

α α→ + −coal volatile ( ) char (1 )

Here, “α” is the distribution coefficient. The kinetic data such as
pre-exponential factor, A = 6.6 × 104 s−1, and activation energy,
Ea = 1.0463 × 105 J/kg mol, were used for the brown coal

combustion case following Kobayashi et al.37 For the black coal
combustion case, the kinetic parameters were set to A = 4.5 ×
105 s−1 and Ea = 8.1 × 107 J/kg mol. These values have been
measured experimentally for Australian black coal and/or
calibrated for the single-rate model, employing an advanced
devolatilization model (chemical percolation devolatilization,
CPD) by Sheng et al.33

The second model is the well-established two-competing-
rates (2CR) model.37 The model comprises two overall
reactions, i.e., a low temperature step, r1, and a high
temperature step, r2, as follows:

α α→ + −coal volatile ( 1) char (1 1)
r1

α α→ + −coal volatile ( 2) char (1 2)
r2

The kinetic rates that control the devolatilization over
different temperature ranges are given by

= −⎜ ⎟⎛
⎝

⎞
⎠r A exp

E
RT

1 1

1

= −⎜ ⎟⎛
⎝

⎞
⎠r A exp

E
RT

2 2

2

For the brown coal case, the pre-exponential factors (A1, A2)
and the activation energies (E1, E2) were set to A1 = 2 × 105

s−1, E1 = 1.046 × 108 J/kg mol, A2 = 1.3 × 107 s−1, and E2 =
1.674 × 108 J/kg mol, according to Kobayashi et al.37 Only the
brown coal case was modeled employing the two-competing-
rates (2CR) model since no kinetic parameters for the Bowen
basin black coal are available in the literature for this model.
The third model which is considered in this study to evaluate

coal devolatilization is the chemical percolation devolatilization
(CPD) model.38−40 In contrast to the simple global kinetic
models that are based on empirical rate relations, the CPD coal
devolatilization model characterizes the devolatilization behav-
ior of rapidly heated coal based on the physical and chemical
transformation of the coal structure. The CPD model considers
the coal structure as a network of chemical bridges with linking
the atomic clusters or a simplified lattice to describe the
physical and chemical processes. This model is able to predict
accurately41 the volatile rates and composition in terms of light
gases and tar (heavier hydrocarbons).
The five coal-specific parameters used in the CPD model

inputs are the average molecular weight per aromatic cluster
(Mcl), the average side-chain molecular weight (Mδ), the
fraction of in-tact bridges (p0), the average number of
attachments per cluster (σ + 1), and initial fraction of char
bridges (c0). The CPD model uses nuclear magnetic resonance
(NMR) data to determine the physical structure of the coal as a
form of aromatic carbons per cluster and the number of
attachments per aromatic cluster, which provide the model

Figure 3. Diagram of the coal combustion steps.
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input parameters. However, such kinds of experimental data are
not easily available for specific types of coal. Hence, a
mathematical expression was required to estimate the input
parameters for the CPD model. Genetti et al.42 formulated a
correlation to obtain the input parameters for the CPD model
from proximate and ultimate analyses of the coal. The CPD
parameters used for coal devolatilization in this study are
obtained from the proximate and ultimate analyses of
Australian brown coal and black coal following the correlation
of Genetti et al.42 and are shown in Table 3.

3.3. Combustion of Volatiles. The volatile matter is
assumed to be composed of elements (i.e., C, H, O, N, S),
which enter the gas phase through the devolatilization reaction.
In this study, a global volatile combustion mechanism is used,
instead of tracking individual volatile species:

+ + − +

→ + + +

⎜ ⎟
⎛
⎝

⎞
⎠

x y z
n

x
y l

n

C H O N S
2 2 2

O

CO
2

H O
2

N SO

x y z l n 2

2 2 2 (R1)

The values of the variables x, y, z, l, and n are obtained from the
ultimate analysis of the coal used (refer to Table 1). The kinetic
constants of this reaction R1 are A = 4.84 × 107 and Ea = 5.1 ×
107 J/kg mol for the brown coal case according to previous
studies,18 whereas, for the black coal case, these parameters are
A = 5.03 × 1011 and Ea = 2 × 108 J/kg mol following Álvarez et
al.43

The present work uses two gas-phase reaction models. The
first case considers a two-step homogeneous reaction model:

+ →CO 0.5O CO2 2 (R2)

+ →H 0.5O H O2 2 2 (R3)

In the two-step gas-phase reaction model, CO and H2 are
completely oxidized and thus produce CO2 and H2O.
The second case considers a three-step gas-phase reaction

model. The three-step global mechanism was originally
proposed by Westbrook and Dryer44 for premixed and non-
premixed flames of hydrocarbons. Wang et al.45 optimized the
three-step gas-phase reactions using a modified mechanism of
Westbrook and Dryer for MILD combustion of methane in a

turbulent flow reactor. In the present work, a simplified model
for MILD combustion of pulverized coal is developed by
applying the three-step gas-phase reaction model and validated
with the results from previous experimental measurements.18

The three-step gas-phase reaction model involves the
following steps:

+ + ⇌ +CO 0.5O H O CO H O2 2 2 2 (R4)

+ ⇌H 0.5O H O2 2 2 (R5)

+ → +CO H O CO H2 2 2 (R6)

The first two reactions (i.e., R4 and R5) of the three-step gas-
phase reactions are reversible reactions. The kinetic constants
for reactions R2−R6 are listed in Table 4.

3.4. Char Combustion. Char particles are microporous
solids produced when volatile matter is released from the coal
particles by rapid devolatilization. Three sequential processes,
namely, boundary layer diffusion, chemical reaction, and pore
diffusion,22,26 control the char oxidation rate in the conven-
tional coal combustion approach. However, in MILD
combustion of coal, char burning is influenced by strong
exhaust gas recirculation and heterogeneous reactions with high
concentrations of CO2 and H2O.

24 Therefore, Boudouard (R8)
and gasification (R9) reactions are considered in addition to the
oxidation (R7) reaction:

+ →C
1
2

O COchar 2 (R7)

+ →C CO 2COchar 2 (R8)

+ → +C H O H COchar 2 2 (R9)

In Table 5, the kinetic constants of the heterogeneous
reactions R7−R9 are listed.

3.5. Turbulence−Chemistry Interaction Model. The
interaction between turbulent flow and chemical reaction plays
a vital role in MILD combustion modeling.24 Vascellari and
Cau24 reported that infinitely fast chemistry−turbulence
models, such as the Eddy Dissipation Model (EDM), cannot
correctly predict experimental results for MILD combustion
conditions. This is because, in the MILD combustion case, the
chemical time scale is of the same order to the turbulence time
scale and the reactions take place volumetrically rather than a
narrow reaction zone as found in conventional combustion.
Therefore, a more sophisticated turbulence−chemistry inter-
action model is necessary for the accurate prediction of MILD
combustion. Hence, the combustion model in the present study
uses the Eddy Dissipation Concept (EDC) model54 with finite-
rate chemistry. The volatile combustion and char burnout are
characterized by using the multiple-surface-reactions combus-
tion model.

Table 3. Parameters Used for CPD Model

parameter Kingston brown coal Bowen basin black coal

Mδ 51.8 14.1
Mcl 351.9 239.8
p0 0.60 0.83
σ + 1 4.30 4.33
c0 0 0

Table 4. Kinetic Constants for Homogeneous Gas-Phase Reactions R2−R6

gas-phase model reaction A Ea (J/kg mol) reference

two-step R2 1.3 × 1011 1.26 × 108 46
R3 9.87 × 108 3.1 × 107 47

three-step R4 forward 2.24 × 106 4.18 × 107 45
backward 1.1 × 1013 3.28 × 108

R5 forward 7.9 × 1010 1.46 × 108 45
backward 3.48 × 1013 3.98 × 108

R6 2.75 × 109 8.36 × 107 45, 48, 49
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4. RESULTS AND DISCUSSION

The numerical modeling results of pulverized coal combustion
in a self-recuperative furnace operated in MILD mode are
revealed and validated against the experimental outcomes.18 In
total, seven different numerical simulations are performed. Five
simulations are conducted for Kingston brown coal using N2 as
a carrier gas, namely, single-rate devolatilization with two-step
gas-phase reactions (SR-2 Step), single-rate devolatilization
with three-step gas-phase reactions (SR-3 Step), CPD with
two-step gas-phase reactions (CPD-2 Step), CPD with three-
step gas-phase reactions (CPD-3 Step), and the two-
competing-rates devolatilization model with three-step gas-

phase reactions (2CR-3 Step). For Bowen basin black coal, two
simulations are conducted using CO2 as a carrier gas, namely,
the SR-3 Step and CPD-3 Step models.

4.1. Furnace Temperature. The comparison between the
numerical results and the measured mean temperatures for the
N2 carried brown coal and CO2 carried black coal cases are
shown in Figures 4a and 5a, respectively. The calculated and
measured temperatures are presented for different perpendic-
ular locations (z direction) of the furnace centerline (x = 0
mm) and 100 mm left (x = −100 mm) from the centerline for
each of the cases.
A relatively good agreement can be found between the model

predictions and the measured temperatures in Figures 4a and

Table 5. Kinetic Constants for Heterogeneous Reactions R7−R9

Kingston brown coal Bowen basin black coal

reaction A Ea (J/kg mol) reference A Ea (J/kg mol) reference

R7 0.005 7.4 × 107 50 1.97 × 102 1.53 × 105 51
R8 0.00635 1.62 × 108 52 5.69 2.42 × 105 53
R9 0.00192 1.47 × 108 52 2.41 × 102 2.63 × 105 53

Figure 4. Temperature of brown coal using N2 as a carrier gas case: (a) Calculated and measured profiles of the furnace. The standard deviations are
given as error bars. (b) Contour plots of experimental results at the centerline and numerical results (single-rate three-step and CPD three-step) on
the symmetry planes of the furnace.
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5a. The exception is the temperatures close to the fuel jet exit at
the centerline (x = 0 mm, y = 0 mm) of the furnace, where all
models predict a much lower temperature. This discrepancy
disappears 50 mm away from these locations, as seen in other
plots of these figures. In general, numerical predictions for all
cases in this study largely underestimate the furnace temper-
ature at the location of the fuel jet. The numerical simulations
do not predict heat release and consequently produce a cold
zone near the exit of the fuel jet, which is not found in the
experimental data. This cold zone is responsible for the
underestimation of temperatures in this region. It is speculated
that the cold zone is associated with a delayed flame ignition
and the comparatively poor performance of the coal
devolatilization model, in particular for the MILD combustion

condition where O2 is strongly diluted to a lower value by the
recirculation of the products of combustion. Nevertheless, the
temperature levels, as well as the temperature peaks, are
regenerated well by the numerical simulations at 50 mm and
100 mm away from the center of the furnace.
With regard to the brown coal case, it can be observed in

Figure 4a that the CPD model is characterized by a better
agreement with the experimental measurements, although the
single-rate and the two-competing-rates devolatilization models
predict the basic trend of the temperature profile. Nonetheless,
it can be seen that the two-competing-rates model shows
slightly better performance in comparison with the single-rate
model, suggesting that the effect of competing rates on coal
devolatilization influences the overall reliability of simplified

Figure 5. Temperature of black coal using CO2 as a carrier gas case: (a) Calculated and measured profiles of the furnace. The standard deviations are
given as error bars. (b) Contour plots of experimental results at the centerline and numerical results (single-rate three-step and CPD three-step) on
the symmetry planes of the furnace.
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devolatilization models. For either devolatilization model, the
two-step and three-step gas-phase reactions show very similar
behavior regarding the prediction of furnace temperatures.
For the black coal case, no remarkable difference was

observed between the modeling results obtained by single-rate
and CPD models. In this view, the different accuracy obtained
in the brown and black coals simulations employing the single-
rate model can be attributed to the relative difference with
which the activation energy and pre-exponential factor were
calibrated/chosen in the simulations. In particular, as reported
in section 3.2, the kinetic parameters of the single-rate model
employed for the Bowen basin black coal were obtained
experimentally for Australian black coals and/or calibrated
using the CPD model as external tool by Sheng et al.33 For the
Kingston brown coal case, instead, the kinetic data of the single-
rate model were set to those obtained experimentally obtained

in an early work of Kobayashi et al.,37 investigating brown coals
with similar characteristics of the coal analyzed in this study
(thus, the kinetic data were not calibrated employing the CPD
model). This difference could also explain the similar
performances of the single-rate and the CPD models in
predicting the measured in-furnace temperature profiles for the
black coal case.
Figures 4b and 5b illustrate the comparison of temperature

contour plots between experimental results at the centerline
and numerical results of single-rate three-step and CPD three-
step modeling on the symmetry planes of the furnace for the
brown coal and black coal cases, respectively. The figures
clearly revealed that the furnace temperature is almost
homogeneous with as low as 30 K difference at various
positions. Nonetheless, an obvious distinction subsists for those
calculated and measured temperatures between both cases. It is

Figure 6. In-furnace CO dry molar fraction of brown coal using N2 as a carrier gas case: (a) Calculated and measured profiles of the furnace. The
standard deviations are given as error bars. (b) Contour plots of experimental results at the centerline and distributions of numerical results (single-
rate three-step and CPD three-step) on the symmetry planes of the furnace.
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shown in Figures 4b and 5b that a big recirculation zone is
produced in the top portion of the furnace. The contour plots
(Figures 4b and 5b) of numerical data imply that the fuel jet
penetrates further within the MILD combustion furnace and its
calculated temperature is less than the experimental measure-
ments.
4.2. In-Furnace Gas Composition. 4.2.1. In-Furnace CO

Concentration. The comparison between the numerical results
and measured in-furnace CO concentration (dry basis) for the
brown coal carried by N2 and black coal carried by CO2 cases is
shown in Figures 6a and 7a, respectively. The measured and
calculated in-furnace CO dry molar fractions are presented for
different vertical positions (z direction) of the furnace
centerline and 100 mm left from the centerline for all cases.
Figures 6b and 7b illustrate the comparison of CO dry molar
fraction contour plots between experimental results at the

centerline and numerical results of single-rate three-step and
CPD three-step modeling on the symmetry planes of the
furnace for the brown coal and black coal cases, respectively.
For the brown coal combustion case, a large volume of CO

concentration was measured at the bottom portion of the
furnace. The highest measured concentration of CO was 5%
along the centerline at z = 142.5 mm in the furnace, for the
MILD combustion of brown coal. However, considering the
black coal case, the volatiles release seems to start at the z =
342.5 mm position of the furnace, which is due to the slow
pyrolysis of low volatile black coal. It can also be seen that a low
concentration of CO was measured in the top part of the
furnace, suggesting that no unburned gaseous volatiles exist in
this zone.
With respect to the experimental measurements for the

brown coal case, a large difference in CO production can be

Figure 7. In-furnace CO dry molar fraction of black coal using CO2 as a carrier gas case: (a) Calculated and measured profiles of the furnace. The
standard deviations are given as error bars. (b) Contour plots of experimental results at the centerline and distributions of numerical results (single-
rate three-step and CPD three-step) on the symmetry planes of the furnace.
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observed among the numerical predictions from the contour
plots and the vertical CO concentration profiles, particularly
around the middle of the furnace. Overall, numerical models
predict a lower concentration of CO as compared to the
experiments. CO is produced and oxidized in a number of
parallel and sequential reactions. CO is escaped as a volatile
component, as a volatile oxidation product, and as a char
combustion product. CO is oxidized by OH radicals and O
radicals. In addition, the water gas shift reaction (CO + H2O →
CO2 + H2) alters CO concentrations. In our numerical
simulations, CO is generated only from the oxidation of
volatiles and char combustion reactions. Furthermore, the CO
concentrations near the fuel jet are low in comparison with the
measured values, consistent with the temperature predictions in
this region (see Figures 4b and 5b). Indeed, this region
corresponds to the cold zone and relates to the ignition delay in

the computational models. The devolatilization models are
believed to be responsible for the difference, where, in the
experiment, the devolatilization process was faster than the
simulations. Nevertheless, the CPD model gives a better
prediction than the single-rate and the two-competing-rates
devolatilization models. In particular, numerical simulations
showed that, for the CPD case, the volatile release process
occurs earlier and faster, thus producing a higher release of
volatile contents in comparison with the other devolatilization
models analyzed. As a consequence, the CPD devolatilization
model also leads to a higher CO concentration. With regard to
the performance of the simplified models tested, the two-
competing-step model shows a better agreement with the
experimental data in comparison with the single-rate model.
For the black coal case, the single-rate and the CPD models

predict a similar CO concentration. In particular, good

Figure 8. In-furnace CO2 dry molar fraction of brown coal using N2 as a carrier gas case: (a) Calculated and measured profiles of the furnace. The
standard deviations are given as error bars. (b) Contour plots of experimental results at the centerline and distributions of numerical results (single-
rate three-step and CPD three-step) on the symmetry planes of the furnace.
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agreement with the experimental data was found, although a
larger difference in CO production can be observed between
the computational and experimental results along the furnace
centerline (Figure 7a). Furthermore, a slightly better agreement
with the measured data was found in comparison with the
brown coal case.
4.2.2. In-Furnace CO2 Concentration. Figures 8a and 9a

show the comparison between the numerical results and
measured in-furnace CO2 concentration for the brown coal and
black coal cases, respectively. The calculated and measured CO2

dry molar fractions are presented for different vertical positions
(z direction) of the furnace centerline and 100 mm left from
the centerline for all cases. Figures 8b and 9b illustrate the
comparison of CO2 dry molar fraction contour plots between
the experimental results at the centerline and numerical results
of single-rate three-step and CPD three-step modeling on the

symmetry planes of the furnace for the brown coal and black
coal cases, respectively.
Numerical models predict a similar trend of CO2

concentration to those obtained experimentally, except along
the centerline (x = 0 mm, y = 0 mm) of the furnace.
Computational models of all cases predict a lower CO2

concentration when compared with the measured data along
the centerline of the furnace for the N2 carried brown coal case,
which is related to the slower chemistry and delay of ignition, as
described previously. On the other hand, considering the CO2

carried black coal case, numerical models overestimate CO2

concentrations in this region (x = 0 mm, y = 0 mm), because of
poor mixing of carrier gas (CO2) with combustion products
and injected air (note that, in Figure 9b, the models predict the
CO2 concentration to be in the range of 90−100% at the
furnace centerline, up to 50 mm height of the furnace from the

Figure 9. In-furnace CO2 dry molar fraction of black coal using N2 as a carrier gas case: (a) Calculated and measured profiles of the furnace. The
standard deviations are given as error bars. (b) Contour plots of experimental results at the centerline and distributions of numerical results (single-
rate three-step and CPD three-step) on the symmetry planes of the furnace.
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bottom). It is interesting to note that no significant difference is
observed between the CPD and single-rate devolatilization
models regarding estimation of CO2 concentrations. Alto-
gether, the numerical predictions of CO2 concentrations and
the experimental measurements are in good agreement.
4.2.3. In-Furnace O2 Concentration. The comparison

between the numerical results and the measured in-furnace
O2 concentrations (dry basis) for the brown coal and black coal
cases is shown in Figures 10a and 11a, respectively. Figures 10b
and 11b illustrate the comparison of O2 dry molar fraction
contour plots between experimental results at the centerline
and numerical results of the single-rate three-step and CPD
three-step modeling on the symmetry planes of the furnace for
the brown coal and black coal cases, respectively. No major
differences between the experimental results and the numerical
predictions can be found. However, the O2 concentrations are

somewhat underestimated between the middle and the top
portion of the furnace, particularly along the centerline of the
furnace. This might be associated with inaccurate calculation of
the entrainment of the fuel jet. The numerical predictions of
the O2 mole fraction at other furnace locations are similar to
the experimental results.

4.3. NO Concentration Analysis. In the present
investigation, the postprocessing approach is used to evaluate
the nitric oxide (NO) formation and reduction. The NO
concentration is low compared with the major species, and
hence, the NO formation and reduction mechanisms have a
minor influence on the mass, momentum, and energy balances.
Furthermore, the postprocessing approach is advantageous in
terms of computational efficiency, and thus, the nitrogen
pollutants models are dissociated from the combustion model

Figure 10. In-furnace O2 dry molar fraction of brown coal using N2 as a carrier gas case: (a) Calculated and measured profiles of the furnace. The
standard deviations are given as error bars. (b) Contour plots of experimental results at the centerline and distributions of numerical results (single-
rate three-step and CPD three-step) on the symmetry planes of the furnace.
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and performed after the prediction of the flame structure by the
NO modeling in RANS simulations in ANSYS Fluent.
It is noteworthy that NO2 was below detection limits in the

experimental measurements. In the numerical study, only NO is
considered, which is well-known to account for at least 95% of
the total NOx formation in most typical coal combustion
processes.26,55

Three NO production mechanisms, namely, thermal-NO,
prompt-NO, and fuel-NO, together with the NO reduction
mechanism, named the NO-reburning mechanism, are
considered in the present work. Turbulence effect on the
temperature fluctuations is modeled by considering probability
density function (PDF). The NO calculation is performed by
solving the mass transport equation and by considering

diffusion, convection, production, and consumption of NO
and related chemical species
At first, the formation of thermal-NO follows the well-known

Zel’dovich56 reactions mechanism:

+ → +N O N NO2 (R10)

+ → +N O O NO2 (R11)

+ → +N OH H NO (R12)

The thermal-NO formation is highly temperature-dependent
and based on the oxidation of molecular nitrogen (N2) in the
combustion air. It has been reported that the effect of thermal-
NO production is negligible below the temperature values of
1800 K.14,49 Since, the maximum temperature of the present

Figure 11. In-furnace O2 dry molar fraction of black coal using CO2 as a carrier gas case: (a) Calculated and measured profiles of the furnace. The
standard deviations are given as error bars. (b) Contour plots of experimental results at the centerline and distributions of numerical results (single-
rate three-step and CPD three-step) on the symmetry planes of the furnace.
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coal MILD combustion is found to be below 1550 K, it has a
positive impact on the thermal-NO reduction.
The prompt-NO formation is produced by the reaction of

atmospheric N2 with hydrocarbon fuels in fuel-rich and low
temperature combustion conditions. This study adopted the
proposed reactions of Mei et al.49 for prompt-NO formation in
the MILD combustion of pulverized coal:

+ ⇌ +CH N HCN N2 (R13)

+ ⇌ +N O NO O2 (R14)

+ ⇌ +HCN OH CN H O2 (R15)

+ ⇌ +CN O CO NO2 (R16)

Usually, prompt-NO plays a secondary role in the overall NO
formation in MILD combustion conditions. This is because a
strong diluted mixture of reactants is considered in MILD
conditions where hydrocarbons (CxHy), hydrogen-cyanide

Figure 12. Calculated and measured profiles of in-furnace NO dry molar fraction for the brown coal using N2 as a carrier gas case.

Figure 13. Calculated and measured profiles of in-furnace NO dry molar fraction for the black coal using CO2 as a carrier gas case.
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(HCN), and nitrogen (N) concentrations decrease to low
levels.
Fuel NO is produced by the oxidation reaction of the

incorporated nitrogen (N) in the coal particles. It is presumed
that the nitrogen (N) incorporated into the coal particle is
entirely released during the devolatilization process and spread
out between the volatiles and the char. Thus, there are two
evolution paths for the fuel-NO formation: (i) a share of
nitrogen incorporated in the coal is converted into fuel-NO, by
the devolatilization process, and (ii) a share of the remaining
nitrogen in the char is converted into fuel-NO, by the reaction
with oxygen. The conversion of nitrogen to pollutants takes
place via intermediates HCN and ammonia (NH3). Then,
HCN and NH3 are subjected to four competitive reactions
routes, as proposed by Alganash et al:57

+ → +HCN O NO products2 (R17)

+ → +NH O NO products3 2 (R18)

+ → +HCN NO N products2 (R19)

+ → +NH NO N products3 2 (R20)

Generally speaking, in coal MILD combustion, the main NO
production is represented by the fuel-NO mechanism, whereas
the thermal-NO is minimized by the reduced peak combustion
temperature.
Finally, the recirculation of hot products of combustion in

the furnace produces a positive reburning of NO and thus
contributes to diminish the overall NO emission from coal
MILD combustion. In the NO-reburning reaction, NO reacts
with surrounding hydrocarbons and afterward reduced
according to the following reaction:

+ → +C H NO HCN productsx y (R21)

Figures 12 and 13 represent the comparison between
numerical results and measured in-furnace NO dry molar
fraction along the vertical direction of the furnace for the MILD
combustion of brown and black coals, respectively. The
maximum value of NO mole fraction for the N2 carried
brown coal case is measured to be ∼650 ppm, which is
significantly larger than that of the black coal carried by CO2
case. The reason behind the increase in the overall NO
formation for the N2 carried brown coal case is the presence of
additional N2 into the furnace from the carrier gas. The
additional N2 raises the overall N2 concentration into the
furnace and consequently leads to the relatively higher NO
formation. For both the black and brown coal combustion
cases, the NO concentration is found to be lowest at the
bottom of the furnace centerline. The reason behind the
decrease in NO concentration in the bottom portion (near the
exhaust ports) of the furnace can be explained by the NO-
reburning reaction R21, where hydrocarbons react with NO
and subsequently reduce overall NO formation. The calculated
NO mole fraction for all cases considered agrees very well with
the measured NO mole fractions. The CPD model predicts NO
concentrations more accurately than the single-rate and the
two-competing-step devolatilization models for the brown coal
case. On the other hand, no significant difference was observed
between the predictions of CPD and single-rate models in the
black coal simulations. Furthermore, for all the cases analyzed,
the two-step and three-step gas-phase reactions exhibit similar
accuracy in predicting the in-furnace NO concentrations.

Figure 14a,b shows the NO formation and reduction
according to the main mechanisms considered: thermal-NO,

fuel-NO, prompt-NO, and NO-reburning. Panels (a) and (b)
in Figure 14 imply that fuel-NO is the main mechanism of NO
production and about 96% of the total NO is produced through
this route. Furthermore, the rate of NO production through the
fuel-NO routes gives almost a similar value for both the two-
step and three-step gas-phase reaction models. However, for
the brown coal case, it can be observed that the CPD model
predicts more fuel-NO than the single-rate and two-competing-
rates devolatilization models. This is because fuel-NO
formation mainly depends on the nature of the devolatilization
model to form volatile contents. As highlighted in section 4.2.1
(in-furnace CO analysis), the CPD model produces a higher
release of volatile contents than the single-rate and two-
competing-rates devolatilization models, thus, leading to a
larger fuel-NO production. Furthermore, the numerical carbon
consumption analysis (refer to section 4.6 for details) provides
an indication of the higher volatiles release for the CPD model.
In particular, it was found that the CPD model predicts larger
overall carbon consumption in comparison with the other
analyzed models.
For the black coal case, only a minor difference between the

predictions of the single-rate and CPD models can be seen. In
particular, the fuel-NO productions are calculated to be 7.98
and 8.16 mg/m3 s for the single-rate model and CPD,
respectively.
Under MILD combustion conditions, the temperatures are

lower than that of conventional combustion, and thus, thermal-
NO plays a secondary role. For all simulation cases, the value of
prompt-NO is found to be extremely low (maximum value was
calculated to be ≤0.005 ppm) and cannot be sighted in Figures
14a,b. It is believed that the negligible value of prompt-NO

Figure 14. NO formation and destruction rates according to the main
mechanisms: (a) brown coal carried by N2 case; (b) black coal carried
by CO2 case.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.5b01644
Energy Fuels 2015, 29, 7650−7669

7664

http://dx.doi.org/10.1021/acs.energyfuels.5b01644


formation is caused by a combination of (i) the decreased
concentration of species (i.e., CxHy, HCN, and N), owing to
the strong dilution by the flue gases in MILD combustion
condition, and (ii) the low level of O2 in the combustion
region, because O2 plays a vital role for the prompt-NO
formation process through reactions R14 (N + O2 ⇌ NO + O)
and R16 (CN + O2 ⇌ CO + NO). Moreover, the O2

concentration is mostly diluted to a low level by the strong
recirculation of hot combustion products in the MILD
combustion. On the contrary, panels (a) and (b) in Figure
14 imply that the NO emission is reduced by up to 47% for the
brown coal case and up to 39% for the black coal case via the
reburning mechanism. This depends primarily on the NO
recombination with hydrocarbons according to reaction R21
(CxHy + NO → HCN + products) and to the reduction of NO
on the char surface. This pronounced effect of the reburning
mechanism is in agreement with previous work24 for coal

MILD combustion, and it is mainly related to the use of a
simplified kinetic scheme for the gas-phase reactions.
From comparison of the numerical simulations with the

experimental measurements, numerical models accurately
predict NO concentrations along the vertical direction of the
furnace, especially considering the CPD devolatilization model.
However, no significant difference is observed in the cases of
two-step and three-step gas-phase reactions for the prediction
of NO concentrations.

4.4. Flow-Field Analysis (Gas-Particle Flow Predic-
tions). To understand the combustion characteristics as well as
the ratio of unburnt carbon in the fly ash, it is necessary to
realize the actual aerodynamic fields within the furnace.58

Figure 15 illustrates the comparison of the gas-phase velocity
vector fields between the single-rate three-step and CPD three-
step models for both the brown coal and the black coal cases.
The gas velocity field contours imply the recirculation of the
products of combustion in the furnace that plays a vital role in

Figure 15. Hot combustion products velocity vector fields for different cases on the symmetry planes of the furnace.

Figure 16. Coal particle concentration distributions in terms of velocity on the symmetry planes in the furnace for different cases.
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establishing MILD combustion conditions and, therefore,
influences the local oxygen concentration and furnace temper-
ature. The results also show that the high velocity air jets are
injected into the confined combustion chamber to induce and
create a recirculating flow region in the middle of the furnace.
In all cases, the fuel jet momentum is dominated by the air jet
momentum.
Figure 16 illustrates the coal particle concentration

distribution as well as trajectories of coal particle streams in
terms of velocity using the single-rate three-step and CPD
three-step models for both the brown coal and the black coal
cases. The simulation results indicate that strong recirculation
of the products of combustion inside the furnace affect the coal
particles to be entrained into the combustion region and
dispersed into the furnace volume.
It is shown in Figure 16 that there is only a slight difference

between the two devolatilization models to predict the particle
velocity distribution because the same realizable k-ε turbulence
model is used. However, it is noticeable that the particle
trajectory produces a swirling vortex in the midway of the
furnace for the N2-carried brown coal case. As a result, a
majority of the coal particles concentrate in the middle of the
furnace for this case. On the other hand, the swirling vortex is
produced further downstream for the CO2 carried black coal
case. This is because the black coal particles are larger than
brown coal particles and, as usual, larger particles have more
momentum and consequently penetrate further into the
furnace.
For all cases, the modeling results illustrate that there is an

obvious distinction between the gas-phase and particle-phase
velocities, in both their magnitude and their direction. The gas
velocity is found to be larger than the particle velocity.
4.5. Furnace Exhaust Gas Composition. The compar-

ison between measured and computed exhaust gas concen-
trations (nitric oxide (NO), oxygen (O2), carbon monoxide
(CO), and carbon dioxide (CO2)) is illustrated in Figure 17.
There is a moderate discrepancy between the model

predictions and the measured values of exhaust gas
concentrations, in particular for CO and NO emissions. This
could be mainly attributed to the poor performances of all the
devolatilization models tested in predicting correctly the in-
furnace temperature and species profiles near the exit of the fuel
jet and in the bottom part of the furnace (z = 42.5 mm). It is
worth mentioning that the exhaust gas concentrations were
measured at a distance of 100 mm from the furnace outlet in
the experiment, while the numerical models calculate the
exhaust gas concentrations at the end of the furnace outlets.
However, this difference can be assumed to not have a
significant impact on the comparison. In particular, the exhaust
tube in the experiment is insulated and the temperature change
of the exhaust gases over this short distance is very small.
Furthermore, the exhaust gases are at a temperature which is
quite low for any reaction to proceed within this 100 mm, and
hence, it is expected that the composition of the exhaust gases
at the inlet of the exhaust port and 100 mm after will be very
much the same.
The CPD devolatilization model more accurately predicts the

exhaust gas concentrations in comparison to the other
devolatilization models. Furthermore, no significant difference
has been observed between two-step and three-step gas-phase
reaction models for the prediction of exhaust gas concen-
trations. Moreover, it can be observed, from Figure 17, that a
larger amount of overall NO emission was found for the black
coal case than the brown coal case. As described in section 4.3,
for coal MILD combustion, the main NO formation
mechanism is represented by the fuel-NO route, whereas the
thermal-NO production is minimized by the low flame
temperature and a secondary role is played by the prompt-
NO. It is thus quite understandable that the reason behind the
increased NO concentrations for the black coal combustion
case is due to the higher N contents of the fuel (it is notable
that the black coal contains about a 64% higher value of N
contents than that of the brown coal), leading to higher NO
emission due to the fuel-NO production mechanism.

4.6. Char Burnout. Figure 18a,b depicts the partitioning of
the char burnout rate considering the heterogeneous reactions
(R7−R9), respectively, with O2, CO2, and H2O. The bar graphs
show that the char conversion rates as well as the direct
formation of CO from the char are about 70% for the brown
coal case and around 83% for the black coal case by considering
reaction R7 (Cchar + 1/2O2 → CO); similar findings were
reported by Vascellari and Cau24 for the MILD combustion
simulations of bituminous coal in the IFRF furnace. From the
comparison between the CO2 concentration (Figures 8 and 9)
and O2 concentration (Figures 10 and 11), it is seen that the
amount of CO2 is significantly larger than O2, which
contributes to an increase in the char conversion rate through
the gasification reactions. Generally, gasification reactions (also
termed heterogeneous reactions) of char alter the CO/CO2
balance and increase CO concentration in the reaction zone.24

The effects of heterogeneous reactions are especially observed
in MILD combustion because of the presence of large amounts
of CO2 and H2O inside the furnace, owing to the recirculation
of the hot combustion products. In contrast, the impacts of
these reactions are mostly negligible in conventional
combustion systems.
Figure 19 displays the comparison between the measured

and the calculated values of overall carbon consumptions for
the two different cases (N2 carried brown coal and CO2 carried
black coal) studied in this work. For the CFD modeling, all the

Figure 17. Computed and measured values of exhaust gas
concentrations of the MILD combustion of brown coal using N2 as
a carrier gas and black coal using CO2 as a carrier gas. The standard
deviations are given as error bars.
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models predict very similar results. The calculated carbon
consumption percentages are in good agreement with the
measured values. Nonetheless, it can be seen in Figure 19 that
the carbon consumption was under-predicted by the simu-
lations for the brown coal case. The fact that, for the brown coal
case, the predicted carbon consumption is lower than that of
the measured value is confirmed by the lower CO production
and CO exhaust emissions by the numerical simulations in
comparison with the experimental measurement for both CPD,
single-rate, and two-competing-rates devolatilization models.
However, the CPD model improves the prediction, in this case.
On the other hand, it can be seen that, for the black coal case,
the agreement with the experiment is quite good for both CPD
and single-rate models.
It is noteworthy to mention that the overall equivalence ratio

(ϕ), as shown in Table 2, was calculated on the basis of the
measured oxygen concentration in exhaust gases (a posteriori
calculation), rather than based on the inlet conditions. The
reason for reverse/posteriori calculation is that the inlet mass
flow rate of coal was not uniform owing to the limitation of the
coal feeder while the inlet mass flow rate of air as well as inlet

oxygen concentration and outlet excess oxygen concentration
was measured accurately. Similar values of oxygen concen-
tration at the furnace outlet were measured for brown and black
coals (2.3% and 2.5% by volume, respectively), and thus, the
overall equivalence ratio was almost the same for both coals.
The char burnout rate is considerably influenced by the
particles’ residence time inside the furnace. It is clearly
understandable from the black coal combustion case that the
residence time was not adequate for complete combustion.
Furthermore, the volatile contents of the fuel play a significant
impact on the overall char burnout rate. Hence, the lower rate
of aggregate carbon consumption for the black coal case can be
explained by (i) the lower volatile contents and (ii) the short
residence time for the complete combustion of the black coal
particles.

5. CONCLUSIONS
This work is conducted to investigate the influence of
devolatilization models to more accurately predict pulverized
coal combustion under MILD combustion conditions. In
particular, three devolatilization models, namely, a simple
single-step reaction model, a two-competing-rates model, and
an advanced CPD model, are examined. The modeling cases
are validated with previous experimental measurements of
MILD combustion of high volatile Kingston brown coal using
N2 as a carrier gas and low volatile Bowen basin black coal
using CO2 as a carrier gas in a self-recuperative furnace.
Moreover, a simplified model has been adopted and optimized
for the MILD combustion of Australian black coal, for the first
time. In addition, this numerical study is carried out to advance
the understanding of NOx formation and destruction
mechanisms, flow-field characteristics, and the effect of
heterogeneous reactions on char burnout of the pulverized
brown and black coal combustion in a self-recuperative furnace.
The key findings of this investigation are as follows:

1. From the comparison of the experimental measurements
with the numerical simulations, the CPD devolatilization
model better reproduces the temperature and species
concentrations of pulverized coal MILD combustion in
comparison to the simplified models tested in this study,
for the brown coal case. On the other hand, the single-
rate model and the CPD show similar accuracy in
reproducing the experimental data for the black coal case.
The different accuracy of the single-rate model in
predicting the combustion characteristics of the two
different coals investigated in this study is mainly
attributed to how the chemical kinetic parameters are
selected.

2. No significant differences are observed between the two-
step and three-step gas-phase reaction models regarding
the reproduction of temperature and chemical species.

3. All models fail to predict the rate of devolatilization and
reaction close to the jet exit.

4. A new simplified numerical model is suggested for the
combustion of Australian black/hard/low volatile coal
and optimized, for the MILD combustion conditions, for
the first time. Overall, the model agrees well with
experimental measurements.

5. The modeling results indicate that the NO emissions are
dominantly formed by the fuel-NO path, whereas the
sum of the contribution of the total NO emissions from
the thermal-NO and prompt-NO is less than 3.8% for

Figure 18. Influence of the heterogeneous reactions (R7−R9) on char
burnout for (a) brown coal using N2 as a carrier gas case and (b) black
coal using CO2 as a carrier gas case.

Figure 19. Overall carbon consumption of the MILD combustion for
brown coal using N2 as a carrier gas case and black coal using CO2 as a
carrier gas case.
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any of the cases. Moreover, there exists a strong NO-
reburning reaction inside the furnace, which leads to
relatively low NO emissions in the exhaust. It is found
that total NO emissions are reduced by up to 47% for the
brown coal case and up to 39% for the black coal case via
the reburning mechanisms. It can be concluded that a
strong NO-reburning mechanism exists in the MILD
combustion of pulverized coal in a self-recuperative
furnace.

6. A semi-uniform temperature distribution in the furnace,
which is observed by the models and experiments,
indicates that a big recirculation zone is formed in the
top portion of the furnace, which is similar to the case
with gaseous fuel7 under MILD combustion conditions.
Nonetheless, a cold zone is formed around halfway along
the fuel jet of the furnace, which suggests rapid
devolatilization of pulverized coal in this region.

7. Although the overall carbon consumption predictions
happen to be in very good agreement with the
experimental values, this agreement may be coincidental
because only simplified char reaction models are used in
the present study. Therefore, further study is recom-
mended with more elaborated char reaction models
considering the complex deactivation mechanisms during
char combustion.
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This paper reports a combined experimental and numerical investigation on the impact of particle size on the
MILD combustion characteristics of pulverised brown coal. In particular, the work investigates the volatiles
release and reactions from the coal particles with a vitiated co-flow and its impact on the formation and emission
of CO, CO2, and NOx. The experimental vertical furnace is 1200 mm long with an internal cross-section of
260 × 260 mm2. High volatile brown coal from the Latrobe Valley, Victoria, with particle sizes in the range of
53–125 μm and 250–355 μm is injected into the furnace using CO2 as a carrier gas through an insulated water-
cooled central jet. The complementary numerical results are in good agreement with the experimental measure-
ments. It is found that, for both cases, a stable MILD combustion is established with a similar large recirculation
vortex around the centre of the furnace. Devolatilisation starts earlier for the smaller particles' case and is com-
pleted at the end of the recirculation vortex, while for the larger particles' case the devolatilisation happened post
the recirculation vortex. The difference is related to the particle dispersionwithin the jet and differences in Stokes
number. The particle flow path and difference in residence time had influence on char burn-out and emission
levels. The formation/destruction of NO is measured to be subtly varied by the combination of the physical and
chemical nature of theMILD combustion characteristics related to both particle sizes. ThemeasuredNO emission
of the larger particle case is 15% higher than that of smaller particle case. The model calculated about 95.5% of
total NO is produced via the fuel-NO route. A strong NO-reburning mechanism is found for both cases, where
≈55% of total NO is reduced for the small particle case and≈39% of total NO is reduced for the large particle case.

© 2015 Elsevier B.V. All rights reserved.
Keywords:
Pulverised Victorian brown coal
MILD combustion
Particles size
Temperature
CO
NO
1. Introduction

Amongst the various fuel types in theworld, brown coal is considered
the cheapest andmost available energy source [1]. The state of Victoria in
Australia has the fourth-largest share of vindicated brown coal reserves in
theworld [2]. The huge brown coal reserve in the Latrobe Valley, Victoria,
Australia which is named as Loy-Yang brown coal provides one-third of
electricity in Victoria [3] and predictions show that it will continue to be
a leading source of reliable and affordable electricity for the foreseeable
future. The downside of Victorian brown coal is its highmoisture content
(about 60–70 wt%) [4] that affects thermal efficiency. Nonetheless,
Loy-Yang brown coal deserves special attention because of its desirable
burning characteristics, including; high reactivity owing to a high volatile
content, generally low ash content, and low sulphur and heavymetals [3].
Therefore, more research and application of new technologies are
necessary for more efficient and environmentally-friendly utilisation
of Victorian brown coal.

Moderate or Intense Low-oxygen Dilution (MILD) combustion
[5–10] has been identified as an innovative technology that offers
ultra-low pollutant emissions, high thermal efficiency, enhanced
combustion stability, thermalfield uniformity, and broad fuel flexibility.
. Saha).

ct of particle size on the MILD
6/j.fuproc.2016.04.003
Although MILD combustion technology has been successfully imple-
mented in various industrial sectors for gaseous fuels, this technology
is still in an infancy stage for solid fuels, in particular for pulverised
brown coal. Thus far, some studies have been conducted on MILD
combustion of pulverised fuels [11–34]. The first successful attempt
on the MILD combustion of high volatile pulverised coal of 74 μmparti-
cles size was reported by Kiga et al. [11] using a drop tube furnace. They
reported that this technology is useful for the elevation of combustion
efficiency with a substantial NOx reduction compared with convention-
al combustion. To investigate the impact of air preheating on the MILD
combustion characteristics of anthracite and bituminous coal, Suda
et al. [12] reported an experimental observation where it was found
that the coal particles' ignition delay decreased significantly by rising
the combustion air temperature. He et al. [13] conducted a numerical
investigation of the experiments carried out by Suda et al. [12] and
found that for high rank coal (anthracite), NO is predominantly
produced from the char-nitrogen,whose production/destructionmech-
anism is yet to be fully understood. Mei et al. [14] numerically investi-
gated the impacts of reactants injection velocities on coal MILD
combustion and found that rising velocity of primary air played a signif-
icant role to decrease combustion temperature and overall NOx emis-
sion. Tu et al. [15,16] numerically investigated the MILD combustion
characteristics of pulverised bituminous coal under O2/N2 and O2/CO2

atmospheres using simplified combustion models and reported that
combustion characteristics of pulverised brown coal, Fuel Processing
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Fig. 1. Schematic diagram of the MILD combustion furnace and supply system.
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oxy-MILD combustion has a great potential of reducing NOx formation.
Weber et al. [17–19] at the International Flame Research Foundation
(IFRF) conducted a series of experimental investigations in a 0.58 MW
furnace and reported large NOx diminution potential of the MILD
combustion of high volatile bituminous coal. However, the basic
routes of NOx production/destruction were not understood from
these experiments. Schaffel et al. [20] modelled the IFRF furnace
using an advanced Chemical Percolation Devolatilisation (CPD)
model along with char combustion intrinsic reactivity model and
reported the existence of strong NO-reburning mechanisms in coal
MILD combustion. However, the authors [20] reported the limita-
tions of CFD modelling to predict CO formation and highlighted the
need for a more elaborate volatile matter combustion model. A
numerical study to probe the impact of turbulence-chemistry inter-
action on the prediction of pulverised coal MILD combustion was
reported by Vascellari and Cau [21]. They modelled gas phase reac-
tions using either a detailed kinetic mechanisms (consisting of 103
reactions) or a global kinetic mechanisms (consisting of 2 reactions).
However, no significant benefits were noticed when using the detail
kinetic mechanisms for the prediction of coal MILD combustion
when compared with global kinetic mechanisms. As global kinetic
mechanisms require less computational time and it does not seem
to add any major benefits, the current investigation considered
only global kinetics mechanism to model gas phase homogeneous
reactions. Recently, an experimental investigation on the MILD
combustion of bituminous coal using a cylindrical bench-scale
furnace is reported by Tamura et al. [22] where they found overall
NOx emission was reduced by increasing the residence time of the
coal particles.

It has previously been found that a long residence time is essential
for efficient burning of coal particles underMILD combustion conditions
in a recuperative furnace [24,25]. However, the influence of volatiles'
release and reactions on the formation and destruction of pollutants
was not understood from the previous studies because of the un-
controlled complex flow pattern inside the recuperative furnace. In
addition, no study has been found in the literature to understand the
impact of particle size on the burning characteristics, in particular,
volatiles' release and the reaction of pulverised brown coal under
MILD combustion conditions which is relevant to practical combustion
systems. Moreover, different particle sizes react in a different manner
after injection into the furnace, which is influenced by the dominant
furnace aerodynamics. As a result, various particle sizes undergo differ-
ent chemical processes and particle size impacts on the devolatilisation
and volatiles oxidation. In this way, the particle size influences on the
NO formation and the relationship between particle size and NO forma-
tion/destruction is not readily available for pulverised brown coal.
Therefore, it is necessary to develop such fundamental-level under-
standing on the physical phenomena related to the combustion
of pulverised brown coal under MILD combustion regime through a
comprehensive experimental and numerical study.

This article reports an evaluation of the effects of particle size on
the burning characteristics (in-furnace temperature profile, chemical
species, i.e., CO, CO2, O2, and NOx profiles and exhaust emissions) of
pulverised Victorian brown coal under MILD combustion conditions.
To this end, the particle size is varied between the range of 53–
125 μm and 250–355 μm under the same operating conditions
(5.9% co-flow O2 concentration, Rejet = 20,000, and coal mass flow
rate of 1.47 kg/h) of pulverised coal was kept constant. To augment
the experimental measurements, computational fluid dynamic
(CFD) modelling is used to investigate the effect of coal particle size
on the NO emissions by partitioning the NO formation/destruction
behaviour via thermal-NO, prompt-NO, fuel-NO, and NO-reburning
routes. In-addition the presented and discussed CFD modelling results
highlights the flow field inside the furnace, devolatilisation zone,
volatile combustion, and the influence of heterogeneous reactions
on the char burnout rate.
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2. Experimental and modelling details

2.1. Experimental details

A brief description of the experimental set-up is provided here
whilst the details of the experimental rig have been described previously
[35,36]. A schematic diagram of the vertical MILD combustion furnace
used in this study is shown in Fig. 1. The furnace has a height of
1200 mm and an inner cross-section of 260 × 260 mm2. The furnace is
well insulated, with 100-mm-thick high-temperature ceramic fibre-
board refractory that allows only around ~9% of total heat lost through
the furnace walls. The maximum designed capacity of the furnace is
60 kW where 40 kW heat can be added from the secondary burner. The
secondary burner is used to control furnacewall and co-flow temperature
as well as the co-flow O2 concentration. The secondary burner is a swirl
burnerwhich operates in anon-premixed combustionmode and supplies
hot combustion products under different stoichiometry. The swirl burner
is capable of operating between the equivalence ratio of 0.5 to stoichio-
metric combustion conditions with a stable and attached non-sooty
flame. Air at room temperature was used as an oxidant and natural gas
was used as fuel for the non-premixed combustion of the swirling burner.
The co-flow conditions were kept constant for this work. An insulated
duct configuration is built to transport the hot products of combustion
from secondary burner to the furnace at a uniform flow speed. The
water cooled and well insulated central jet with an internal diameter
(Djet) of 19 mm is used to inject pulverised coal into the furnace. When
the thermocouple temperature at the point 9 in Fig. 1, exceeded a set
threshold (≈1100 K) which is above the self-ignition temperature of
pulverised brown coal, the coal particles are introduced into the furnace
through the central fuel jet using carbon dioxide (CO2) as a carrier gas.
Stable combustionwas achieved and thermal equilibriumwas confirmed
for all cases. A summary of the experimental conditions on the stable
combustion of pulverised brown coal is shown in Table 1.

The flow temperature and gas composition inside the furnace was
measured on the centreline (X=0mm) at nine different axial locations
(Y-axis) namely; at 70, 170, 270, 370, 470, 570, 670, 770, and 870 mm
from the fuel jet exit plane in the furnace. Further measurements
combustion characteristics of pulverised brown coal, Fuel Processing
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Table 1
Furnace operating parameters for the stable combustion of Loy-Yang brown coal.

Experimental cases Case 1 Case 2

Fuel jet inlet temperature (K) 325 325
Fuel jet velocity (m/s) 8.84 8.84
Jet Reynolds number 20,000 20,000
Furnace wall temperature (K) 1112–1236 1112–1236
Particle sizes (μm) 53–125 250–355
Global equivalence ratio, Φ 0.96 ± 0.02 0.96 ± 0.02
Co-flow velocity (m/s) 1.56 1.56
Co-flow temperature (K) 1284 1284
Co-flow O2 (v/v% db) 5.9 5.9
Co-flow excess air coefficient, λ 1.39 1.39

3M. Saha et al. / Fuel Processing Technology xxx (2015) xxx–xxx
were also conducted at Z = 50, and Z = 100 mm from the centreline
and along the furnace axis (Y-direction) providing a total of 27 points
of measurement. A steady-state energy balance equation is used on
the thermocouples' bead surface for radiation temperature corrections,
which indicates that the radiation correction is within 4.5% of the
thermocouples' measurement.

The temperatures were measured simultaneously using 6-mm-
diameter sheathed Pt/Pt 13%Rh (R-Type) thermocouples. All tempera-
ture measurements were logged continuously using a PC and USB-TC
data logger. The thermocouples are ceramics sheathed and the effect
of any surface reaction is believed to be negligible and un-likely to affect
the temperature and the reaction rate in any tangible way.

A portable gas analyser, TESTO Model 350XL is used to measure the
in-furnace gas concentrations and global emissions. A water cooled
sampling probe [24] is used and introduced through the sampling
ports to measure in-furnace O2, CO, CO2 and NO mole fraction. Accord-
ing to the manufacturer's specifications, the absolute errors of these
measurements are ±0.8% (by volume) for O2, ±10 ppmv for CO, and
±5 ppmv for NO of measured value.
2.2. Coal characteristics

A Victorian brown coal wasmilled and sieved into two different size
ranges, namely; 53 μm b d ≤ 125 μm and 250 μm b d ≤ 355 μm. The
pulverised coal was dried in an electric oven at 105 °C for 4–5 h to
remove moisture and then stored in a sealed container under ambient
conditions. Proximate and ultimate analyses of the coal are presented
in Table 2. The gross dry calorific value is measured to be 24.5 MJ/kg.
A volumetric coal feeder operating with a twin-screw was used to
decouple the carrier gas flow rate from the solid particle supply rate.
The coal feeder is operated using a variable speed motor to control the
amount of coal fed into the furnace. The coal feeding rate was constant
and set to 1.47 kg/h for≈10 kWheat input by the pulverised coal for all
the experiments.

It is worth noting that the absolute error of the coal mass flowrate
was measured to be ±1.5%, while the absolute errors of the gas flowrate
measurements were±2% according to themanufacturer's specifications.
Table 2
Loy-Yang brown coal analyses.

Ultimate analysis (wt% dry ash free)

C 66.8
H 4.8
O (by difference) 28.0
N 0.4
S –

Proximate analysis (wt% dry basis)
Fixed carbon 47.3
Volatile matter 51.3
Ash 1.4
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2.3. Computational modelling details

Numerical modelling of MILD combustion of pulverised brown coal
was preformed using the CFD software ANSYS Fluent version 14.5.
Specific numerical models including the phenomena of multiphase
flow, turbulence-chemistry interactions, thermal radiation, homogeneous
gas phase reactions, heterogeneous char combustion reactions, are
considered for the present computational study. A finite volume
discretisation approach is used to generate a hexahedral mesh
consisting of 1 million cells for modelling half of the furnace geometry.
The current mesh density was found to be adequate after conducting a
grid independence study. The Reynolds-Averaged Navier-Stokes
(RANS) equations are solved for all models. The Semi-Implicit Method
for Pressure Linked Equations (SIMPLE) algorithm [37] is utilised to
solve pressure-velocity coupling. All models used the second-order
upwind discretisation scheme for increase accuracy and reducing
numerical diffusion of the solution.

The two-equation realisable k-ε turbulence model [38] is used to
simulate turbulent flow characteristics. The radiation heat transfer
equation is solved using a Discrete Ordinates (DO) [39] radiationmodel.

The coal particle sizes are distributed following the Rosin-Rammler
distribution approach. The discrete phase of coal particles is tracked
using a deterministic Lagrangian approach [40]. The Lagrangian frame
of reference is considered to solve the discrete solid phase of coal parti-
cles while an Eulerian frame is employed to solve the continuous gas
phase transport equations. Themodellingswere conducted using Tizard
supercomputer facilities of eResearch SA.

The present modelling study followed the sequence of pulverised
coal combustion phenomena such as devolatilisation, volatile reactions
and char combustion.

2.3.1. Devolatilisation/pyrolysis
Coal devolatilisation/pyrolysis refers to the process of combustible

gas evolution from the coal particles owing to thermal decomposition.
A two-stage process [41] is considered to describe coal devolatilisation,
where volatilematters including light hydrocarbons and gases (CO, CO2,
CH4, H2O, etc.) are released in the first stage and heavy hydrocarbons
are decomposed during the second stage to form additional gases and
hydrocarbons.

Pyrolysis/devolatilisationplays a very crucial role in a combustion pro-
cess, controlling the yields of volatiles, tars and char, in addition to the
ratio of fuel-N in the volatiles and char. Several different devolatilisation
models exist, including; single-rate model, two competing rates model,
chemical percolation devolatilisation (CPD) model, and the functional
group – depolymerisation vaporisation cross-linking (FG-DVC) model.
The single-rate devolatilisation model [42] acts on the first-order depen-
dence of the entire volatilematters in the coal particle. The global kinetics
of single-rate devolatilisation model is calculated according to the
reaction as follows:

coal→volatile αð Þ þ char 1� αð Þ:

Here “α” is the distribution co-efficient.
The second model is a two competing-rates model [42] which

includes two reactions, i.e. a high temperature reaction and a low
temperature reaction, as follows:

coal→volatile α1ð Þ þ char 1� α1ð Þ

coal→volatile α2ð Þ þ char 1� α2ð Þ:

The CPD devolatilisation model [43–45] identifies the physical and
chemical processes of the coal structure as a chemical bridge network
linking with the atomic clusters. Nuclear Magnetic Resonance (NMR)
data is used to identify the physical structure of the coal which provides
combustion characteristics of pulverised brown coal, Fuel Processing
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the CPD model input parameters. However, such kinds of experimental
data are not available in the literature for Victorian brown coal.

The fourth devolatilisation model, i.e., advanced FG-DVC model
determines the molecular constitution of the solid fuel and its impact
on the light gases and tar decomposition. The FG-DVC model is not
dissimilar to the CPDmodel [46]. However, FG-DVCmodel is not readily
available in FLUENT and thus user-defined functions (UDFs) are
required to implement the FG-DVC in FLUENT [46]. However, UDFs
data is obtained from experimental observations of a specific coal.
Nonetheless, to the authors' knowledge, there is a lack of adequate
kinetic data in the literature to embed FG-DVC into FLUENT, for
Victorian brown coal. This is why the FG-DVC model is not considered
in this work. Furthermore, in the CFD analyses, the advanced models
are generally used for calibration purposes of simpler devolatilisation
models (e.g. single rate), thus being applied as an external tool [47]. A
recent study [25] regarding the effect of the devolatilisation models
onAustralian brown and black coals underMILD combustion conditions
concluded that the single-rate model, although being a simplistic
model, has been found adequate in predicting several key burning
characteristics of the coals analysed under MILD conditions. Therefore,
in this study, coal devolatilisation process is modelled using single-
rate reaction model for the specific Victorian brown coal following
Zhang et al. [48].

2.3.2. Volatile reactions
The devolatilisation process releases the volatile contents as a com-

bination of gaseous elements of C, H, O, N, and S as the pseudo-volatile
species. The volatile oxidation is described using a global volatile
combustion mechanism as follows:

CxHyOzNlSn þ
x
2
þ y
2
� z
2
þ n

� �
O2⟶xCOþ y

2
H2Oþ l

2
N2 þ nSO2: ðR1Þ

The values of the variables x, y, z, l, and n are obtained from the
ultimate analysis of the coal used (refer to Table 2). After the
combustion of pseudo-volatile species, the H2 and CO is further
oxidised following two-step homogeneous reactions:

COþ 0:5O2 þH2O⇌CO2 þH2O ðR2Þ

H2 þ 0:5O2⇌H2O: ðR3Þ

Table 3 represented the kinetic constants of reactions (R1)–(R3).

2.3.3. Char combustion
The solid char particles are formed after complete decomposition of

volatile contents from the coal particles. The microporous solid char
particles react with the surrounding co-flow gases following heteroge-
neous chemical reactions such as oxidation, Boudouard and gasification
reactions:

Cchar þ
1
2
O2⟶CO ðR4Þ

Cchar þ CO2⟶2CO ðR5Þ
Table 3
Kinetic constants of gas phase reactions (R1)–(R3).

Reaction A Ea (J/kg mol) Reference

(R1) 4.84 × 107 5.1 × 107 [49]
(R2) Forward 2.24 × 106 4.18 × 107 [50]

Backward 1.1 × 1013 3.28 × 108

(R3) Forward 7.9 × 1010 1.46 × 108 [50]
Backward 3.48 × 1013 3.98 × 108
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Cchar þH2O⟶H2 þ CO: ðR6Þ

The char combustion reactions' rate is controlled by two mecha-
nisms such as the oxidant's diffusion via the film layer surrounding
the coal particle and the intrinsic kinetic rate of the reaction on the
particle surface [21]. The kinetic constants of reactions (R4)–(R6) are
listed in Table 4.

2.3.4. Turbulence-chemistry interaction
MILD combustion modelling is greatly influenced by the interaction

between turbulent flow and chemical reactions. Vascellari and Cau [21]
reported that Eddy Dissipation Concept (EDC) can accurately predict
theMILD combustion characteristics of solid fuels. Hence, the combustion
model in the present study uses the EDC model [51] with finite-rate
chemistry to describe turbulence-chemistry interaction.

2.3.5. Nitrogen oxides (NOx) formation/destruction
Nitrogen oxides (NOx) comprise both nitrogen dioxide (NO2) and

nitric oxide (NO). However, for pulverised coal combustion, NO
accounts for 95% of total NOx formation [52,53]. In addition, during
the experimental campaign, the measured value of NO2 was below
detection limits of the gas analyser. Therefore, only NO formation and/
or destruction are considered in the computational modelling. The
post-processing approach is considered to calculate NO in this
study because the NO formation and/or destruction mechanisms
have little impact on the flow properties or on the momentum and
energy balances. The probability density function (PDF) is considered
to model the turbulence effects.

Three well-known NOx formation mechanisms, thermal-NOx,
prompt-NOx, and fuel-NOx combined with the NOx destruction
mechanisms, i.e., NOx-reburning mechanisms are considered in the
current study.

The thermal-NOx is produced by the oxidation of atmospheric
nitrogen (N2) through endothermic chemical reactions. As a result,
thermal-NOx production mainly depends on high temperature. Previous
studies reported that a negligible amount of NOx is produced through
thermal-route under the temperature level of 1800 K [14,33]. The
highest temperature of the present study is measured to be below
1400 K, and thus, it has a positive impact on mitigation of thermal-
NOx formation.

The thermal-NOx production follows the well-known Zel'dovich
[54] reactions mechanism as follows:

N2 þ O⟶Nþ NO ðR7Þ

Nþ O2⟶Oþ NO ðR8Þ

Nþ OH⟶Hþ NO: ðR9Þ

NOx can be produced from the oxidation of atmospheric nitrogen
(N2) in combustion air via distinct reaction mechanism from the
thermal-NOx which called prompt-NOx mechanism. The prompt-NOx

formation occurs at fuel-rich environments, low temperature, and
short residence time conditions. Generally, prompt-NOx does not influ-
ence the overall NOx production under MILD combustion conditions,
because reactants are strongly diluted in the MILD case.
Table 4
Kinetic constants of heterogeneous reactions (R4)–(R6).

Reaction A Ea (J/kg mol) Reference

(R4) 2.4 × 10−3 6.906 × 101 [48]
(R5) 5.3 × 10−3 1.255 × 103 [48]
(R6) 6.35 × 10−3 1.62 × 102 [48]
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Fig. 2. Predicted velocity streamline for cases 1 and 2.
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This study followed the proposed reactions of Saha et al. [25] for
prompt- NOx formation in the MILD combustion of Australian brown
coal:

CHþ N2⇌HCNþ N ðR10Þ

Nþ O2⇌NOþ O ðR11Þ

HCNþ OH⇌CNþH2O ðR12Þ

CNþ O2⇌COþ NO: ðR13Þ

Themajor NOx formation is described by the fuel NOxmechanism in
pulverised coal combustion. Fuel NOx is formed by the oxidation of the
organically bound nitrogen (N) in the coal particles. During the coal
devolatilisation process, nitrogen is distributed between the volatiles
and the char in the form of intermediates HCN and NH3. While, HCN
and NH3 are subjected to four competitive reactions routes as proposed
by Alganash et al. [55]:

HCNþ O2⟶NOþ products ðR14Þ

NH3 þ O2⟶NOþ products ðR15Þ

HCNþ NO⟶N2 þ products ðR16Þ

NH3 þ NO⟶N2 þ products: ðR17Þ

At thefinal stage of NOxmechanism, the interaction of turbulent fuel
jet and hot co-flow gases in the furnace creates a positive reburning of
NOx and leads to decrease overall NOx formation. The pathway of reac-
tion between NOx and surrounding hydrocarbons (CxHy) is described as
NOx-reburning as follows:

CxHy þ NO⟶HCNþ products ðR18Þ

3. Results and discussion

To probe the impact of particle size on the burning characteristics of
pulverised Loy-Yang brown coal with CO2 as a carrier gas under MILD
combustion conditions two different experimental and numerical
investigations are conducted using a medium-scale laboratory furnace.
For this comparative study, two ranges of particles' size are considered,
namely; 53 μm–125 μm range and 250 μm–355 μm range. Other
operating conditions such as the co-flow temperature and composition
(i.e., 1284 K and 5.9% O2), jet Reynolds number (i.e., Rejet = 20.000),
and the pulverised coal mass flow rate (i.e., 1.47 kg/h) were kept
constant.

3.1. Flow patterns inside the furnace

Fig. 2 illustrates the velocity streamline contours for the two cases
investigated in this study. For both cases, the velocity contours reveal
the existence of recirculation vortices in the middle of the furnace. Re-
circulation inside the furnace, in general, plays a vital role in establishing
MILD combustion and it appears to be contributing to the establishment
of MILD combustion in this furnace aswell. The figure reveals that there
are no substantial differences between the two recirculation vortices in
terms of flow path-lines distribution, size and location. Noteworthy is
that the carrier gas flowrate is the same for both cases owing to the
constant jet Reynolds number, i.e., Rejet = 20,000. This suggests that
theflowpattern inside the furnace is dominated by the carrier gas injec-
tion velocity rather than the coal particles' size.
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3.2. Volatiles release and combustion

Fig. 3 shows the predicted volatiles mole fraction contours for cases
1 and 2. The value was calculated as the ratio of released gaseous vola-
tiles from the coal particles to the total moles of gas in the furnace. The
plots show that the location of volatiles release is significantly different
for the different particle size cases. The volatiles are released earlier,
close to the jet exit plane for the smaller particles' case while for the
larger particles case the volatile matters release began further down-
stream in the upper section of the furnace and happened within a
shorter period. Although the coal mass flow rate was fixed for both
cases, the smaller particle case produced the maximum volatiles mole
fraction at the centreline. On the other side, the shape of volatiles
mole fraction zone is much wider and broader for large particle size in
comparison with small particle size where volatiles are released along
the furnace centreline and starts much earlier.

The predicted combustion rate of volatiles is shown in Fig. 4. The
contour plots compare the rate of volatiles oxidation reaction (R1)
between cases 1 and 2. The distribution of the volatiles reaction rates
is consistent with the calculated distribution of the volatiles release.
The volatiles of small size particles react earlier, away from the
centreline, and happen along the furnace length. On the other hand,
for the large particles' case the reaction seems to be concentrated on a
bubble-like zone above the recirculation zone, shown earlier in Fig. 2.

The difference between the two cases is believed to be related to two
main inter-related reasons. The first is to do with heat transfer to the
particles to initiate the devolatilisation via convection and radiation.
combustion characteristics of pulverised brown coal, Fuel Processing
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Fig. 3. Predicted contours of volatiles mole fraction. Fig. 4. Predicted contours of volatiles reaction (R1) rate.

Table 5
Calculated mean particles residence time and Stokes number.

Particle size (μm) Mean particle residence time (ms) Stokes number

1 468 0.001
53–125 371 3.9–21.75
250–355 285 87–175.5
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While radiation from the walls to this dense medium plays a smaller
role the convection part is likely to dominate. It is clear that larger par-
ticles are not interactingwith the vitiated co-flow the sameway smaller
particles are and that results in the delayed release of volatiles as seen in
Fig. 3. One of the key factors that influence the interaction of the parti-
cles with the flow is the Stokes number, Stk. It is calculated using the
ratio of the particle response time to a time characteristic of the flow,
which is expressed [56,57] as:

Stk ¼ ρpd
2
pUin

18μDj
ð19Þ

where, ρp, dp, Uin, μ and Dj represent the particle density, particle
diameter, jet inlet velocity, gas viscosity, and jet diameter, respectively.
It is well established that particles with smaller Stokes number more
closely follow the fluid flow path-line, while particles with higher
Stokes number detach from the fluid flow and are only weakly influ-
enced by the fluid motion. Table 5 lists the particles' residence time
and the Stokes number for different particle size cases. It is noticeable
that Stokes number is calculated to be higher than 1 for both experi-
mental cases. However, for the large particle case Stokes number is
significantly higher and this may explain the delayed volatiles release.
Also apparent is that release and reaction for case 2 happen above the
recirculation zone while for case 1 the highest release and reaction
occur within the recirculation zone. This difference implies that smaller
particles are being circulated and mixed with the hot co-flowwhile the
majority of the larger particles would have gone past the recirculation
zone. This observation is further explained by the particle concentration
distribution as well as trajectories of particle streams in terms of
Please cite this article as: M. Saha, et al., Effect of particle size on the MILD
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velocity contours as shown in Fig. 5. The plot provides the further
evidence that for case 1, there is a strong recirculation vortex at the
middle of the furnace which affects the coal particles to be entrained
into the combustion region and dispersed into the furnace volume.
While for case 2, the particle trajectory creates a straight path-line
and tends to penetrate further downstream into the flow.

It is well established that in jets with poly-disperse particles, the
small particles tend to move outwards towards the edge while larger
particles stay close to the jet center [58]. This phenomenon may also
explain the observed differences in the path-lines for case 1 as com-
pared to case 2, where more dispersion and devolatilisation is apparent
for the smaller particles case. While the larger particles tend to shoot
through the centre and be less impacted by the recirculation vortex.

To better understand the Stokes number effect a standalone
simulation is conducted considering mono-sized particles (1 μm)
injected through the central jet. The Stokes number for 1 μm size particle
is calculated to be much smaller than 1 and it is found that the particle
acts as a tracer following the fluid flow perfectly. The difference in parti-
cles flow pattern is evident in the calculated residence time shown in
Table 5 where the residence time for the small particle case is longer
combustion characteristics of pulverised brown coal, Fuel Processing
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Fig. 5. Coal particle concentration distributions in terms of velocity for cases 1–2.
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due to the recirculation as compared to the large particle case. As expect-
ed, the mean particle residence time for 1 μm size particle is higher than
case 1 and case 2. This is because 1 μm sized particles are more likely to
be entrained in the vortex region. In this way, the particle residence
time for 1 μm size case represents also the gas residence time as well as
the maximum possible particle residence time in the furnace for the
specific conditions. Noteworthy, is that the jet velocity and momentum
is the same for all cases.
3.3. Visual observations

Displayed in Fig. 6 are photographs taken from a side window close
to the bottom (Y = 80 mm), middle (Y = 500 mm), and top (Y =
995 mm) of the furnace for both particles cases. The photographs
were taken with the same camera settings (F/4.6–16 ms – ISO 250). It
is clear that there is no visible flame apparent inside the furnace for
either case. The photos at the bottom window show that a broader
luminous image close to the jet exit plane is more clearly visible for
smaller particles case than larger particles' case. This seems to be consis-
tent with calculated earlier volatile release for the smaller particles'
case. Although visual inspection through the middle and top windows
of the furnace could not detect any substantial differences in terms of
particles' ignition, the smaller particles' combustion is far more
luminous in comparison with the combustion of larger particles' case.
The comparatively higher combustion temperature of smaller particles'
case (as will be shown later) might influence or be influenced by this
high radiant effect.
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3.4. Thermal fields

Presented in Fig. 7 are the measured and predicted furnace temper-
ature profiles at several vertical axial locations (Y-direction) along the
furnace centreline (X = 0 mm); and 50 mm (X= 0 mm, Z = 50 mm)
and 100 mm (X = 0 mm, Z = 100 mm) away from the furnace
centreline. The vertical locations are expressed in terms of the dimen-
sionless ratio (Y/Dj) of vertical distance from the jet exit plane and the
jet diameter (Dj = 19 mm). The measured profiles of in-furnace tem-
peratures are compared between the cases 1 and 2. The plot shows
that smaller particles produce distinctly higher furnace temperature
than larger particles. This of course relates to the position and manner
that volatile are released and reacted in the smaller particles' case.

It is clear from Fig. 7, that there are no significant discrepancies
between the predicted and the measured temperatures of either cases
at locations Z = 50 mm and Z = 100 mm. For the centreline profile
both models are predicting lower temperatures at the exit plane of
360 K for case 1 and 350 K for case 2. These values are much lower
than the experimental value of 1230 K and 1131 K measured for case
1 and case 2, respectively. The models agree very well with measured
temperatures at location Y/Dj N 28. This discrepancy is not well under-
stood and is believed to be related to delayed volatilisation and or
mixing rate by the model. It is also plausible that at least for case 1 the
measurements spatial resolution (6 mm diameter thermocouple) and/
or the accuracy of positioning may have contributed to the higher
temperatures at these upstream locations. However, the differences
are quite large (N780 K) and are unlikely to all be explained by the
inaccuracy of the measurements, especially considering the very
good agreement for the other two profiles.

Fig. 8 shows themeasured temperature contours for the two cases. It
is clear that temperature inside the furnace is semi-uniform for both
cases and that a thermal boundary layer appears next to the furnace
wall. For case 1 the temperature is higher closer to the jet exit while a
homogenous temperature appears for the rest of the furnace, perhaps
helped by the recirculation vortex shown in Fig. 2. For case 2 the tem-
perature is lower close to the jet exit and lower temperatures appear
in the rest of the furnace. Unfortunately no data are available for higher
locations where the model has shown that most volatiles have burned
and heat was released in case 2.

3.5. In-furnace chemical species

Figs. 9, 10 and 11 present the measured profiles of in-furnace gas
composition, including; CO, CO2 and O2 mole fractions, respectively, at
each of the 27 measurement locations. In general, the in-furnace CO
formation trends for case 1 are significantly higher than for case 2. The
higher CO production for smaller particles' case is consistent with
finding that the rate of volatiles' release and reactions of smaller parti-
cles at upstream locations are substantially higher than larger particles.
In addition, the highest CO concentration peak for smaller particles is
found to be between ≈Y/Dj = 30–35.3 above the jet exit plane, while
for the larger/heavier particles the CO peak was extended to Y/Dj =
40.5 above the jet exit plane. This is because larger particles penetrate
deeper into the furnace owing to the higher value of Stokes number
(refer to Table 5). Therefore, volatiles release, as well as combustion of
volatile matters takes place further downstream. It is also shown from
Fig. 9 that higher value of COmole fraction is found along the centreline
of the furnace (X = 0 mm, Z = 0 mm) for both cases. This is because
both combustion cases have a fuel-rich streamline in the central region
where volatile matters are released by the particles. It is noticeable that
CO levels are found at their lowest concentration at the top part of the
furnace for smaller particles' case which points to the complete burning
of gaseous volatiles, whereas for bigger particles' case a ~0.3% CO mole
fraction (dry) is measured at the furnace exit which indicates that for
the larger particles case longer residence time is required to burn all
the volatiles and char.
combustion characteristics of pulverised brown coal, Fuel Processing
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Fig. 6. Photographs of the inside of the furnace; (A) top (Y = 995 mm), (B) middle (Y = 500 mm), and (C) bottom (Y = 80 mm) part of the furnace.

Fig. 7. In-furnace temperature profiles.
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Fig. 8.Measured temperature distribution at the furnace centreline for the cases with different particles' size.
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Fig. 9 also demonstrates the comparison between computed and
measured CO mole fraction. The modelled CO mole fraction for the
case 2 shows much lower values at upstream positions for all cases
(up to 0.3% difference) and at location Y/Dj = 30 a gradual increase is
observed. The predicted value close to the exit plane is much closer to
that measured from the experiments. However, the low CO mole
fraction prediction is quite similar with previous works [14,21,24,25]
Fig. 9. In-furnace CO d

Please cite this article as: M. Saha, et al., Effect of particle size on the MILD
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for the coal MILD combustion. This discrepancy could be associated
with several causes. A sequential number of reactions are involved in
producing CO. Coal devolatilisation process releases CO as a volatile
matter. In addition, CO is formed by the oxidation of volatile contents
and char. Furthermore, CO concentration is altered by the water
gas shift reaction (CO+H2O⇌CO2+H2). It appears that the model is
under-predicting the rate of CO production. The present numerical
ry molar fraction.
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Fig. 10. Measured profiles of in-furnace CO2 dry molar fraction for the cases of different
particles' size.

Fig. 11. Measured profiles of in-furnace O2 dry molar fraction for the cases of different
particles' size.
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modellings considered only simplified volatile and char combustion
reactions and thus replicated CO concentration was lower than mea-
sured values. The delayed release of calculated CO for both cases as
compared to the measured value is consistent with the differences
in the centreline temperature seen earlier in Fig. 6 and point to a
model deficiency rather than an experimental error.

In Fig. 10, the mole fraction of CO2 is shown. The figure shows that
the highest levels of CO2 mole fraction are measured to be ≈61.7% for
the smaller particles' case and the value is found to be ≈64% for the
larger particles' case. The maxima appear at the nearest location of jet
exit plane, Y/Dj = 3.68, along the centreline (X = 0 mm, Z = 0 mm)
of the furnace. Those values are predominantly represented by the
input CO2 concentrations. It is apparent that a diminishing trend of
CO2 concentration is found for both cases along the height of the
furnace. The results indicate that the devolatilisation of coal particles
has started at the jet exit plane but volatile matters' reactions com-
menced at a certain height of the furnace and then volatile matters/
gases are effectively mixed and diluted with incoming CO2. On the
other hand, the CO2 formation trends are found almost similar for
both cases for 50 mm (X = 0 mm, Z = 50 mm) and 100 mm (X =
0 mm, Z = 100 mm) away from the furnace centreline which suggest
that the combustion reaction started slowly because of longer ignition
delay due to the high dilution of reactants.

Fig. 11 shows a decreasing trend of O2 dry molar fraction along the
furnace due to dilution and reaction. At the centreline, O2 level are
higher for case 2 up to Y/Dj = 8.9 and is lower for other locations. It is
clear that for case 1 the reaction starts earlier as seen in the CO profile
shown earlier. From the Z = 50 mm the O2 mole fraction for case 1
remains almost constant up to Y/Dj = 20 before it is diluted and
consumed by the identified recirculation vortex at this location. Further
Please cite this article as: M. Saha, et al., Effect of particle size on the MILD
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reduction happens at Y/Dj = 35 were char burnout is likely to have
happened. While for case 2 the trends are gradually reduce along the
furnace pointing to a reduced effect of the recirculation vortex in this
case. At Z = 100 mm, similar trends to the profile at Z = 50 mm is
observed for both cases.

The lowest values of O2 concentration was measured at the furnace
top, Y/Dj = 45.8, along the centreline (X = 0 mm, Z = 0 mm) of the
furnace which is measured to be ≈1.1% for larger particles' case and
≈0.73% for smaller particles. The difference in O2 level is attributed to
the delayed devolatilisation in case 2 and more char burn out for case
1 leading to higher oxygen consumption and lower O2 emission.
3.6. Nitric oxide (NO) concentration

Fig. 12 compares the measured in-furnace NO dry molar fraction
between the particle sizes of 53–125 μm (case 1) and 250–355 μm
(case 2). TheNOmole fraction at the centreline for both cases are similar
up to Y/Dj = 20 with values similar to that measured in the co-flow
(~53 ppm). At higher locations theNOmole fraction, in case 1, increases
to 170 ppm before reducing to an exhaust level of ~160 ppm. For case 2
the NO increases linearly and peaks at the exhaust level value to
~160 ppm. The difference relates to the location of volatiles release
and reaction and the reduction seem to relate to a reburningmechanism.
In quintessence, the volatile-N release is controlled by the variation of the
particle size. The production of fuel-NO relies on the dominating environ-
ment of the re-circulating vortex where the trajectory of the coal particle
sizes meets/encounters.

ConsideringNOprofiles at the locations of 50mmand100mmaway
from the centreline, a reduction is apparent at Y/Dj= 25 and 20, respec-
tively, for case 2, which is associated with the mixing pattern and its
combustion characteristics of pulverised brown coal, Fuel Processing
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Fig. 12. Measured profiles of in-furnace NO dry molar fraction for the cases of different
particles' size.
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known effect on the reburning mechanism. For case 1 an increase is
apparent at Y/Dj = 20, before a plateau close to the exit plane.

Presented in Fig. 13 are the predicted rates of NO formation and
destruction, based on the main known mechanisms; thermal, fuel,
prompt, and re-burn. There is an apparent difference in the NO
formation rate, via the fuel-NO path, between case 1 and case 2. In
particular, the predicted values of fuel-NO formation are 8.1 and
6.5 mg/m3 s for case 1 and case 2, respectively. This is because the
fuel-NO formation largely depends on the devolatilisation rate. As
discussed in Section 3.2, the volatile release rate and reaction are
more intense for the small size particle; it is not surprising for this
case to lead to higher fuel-NO formation. However, both particle
cases produce an almost similar rate of NO through the thermal-NO
Fig. 13. NO production and destruction rate according to the main mechanisms.
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route albeit at very small amount accounting for b4.5% of the total
NO. It is well-known that MILD combustion furnace temperatures
are significantly lower than that of traditional combustion, and
therefore thermal-NO does not have any significant impact on the
overall NO emission.

For both cases, the value of prompt-NO is calculated to be almost nil,
and cannot be sighted in Fig. 13. TheMILD combustion conditionswith a
strong dilution of CO2, as a carrier gas affects the formation of a negligi-
ble amount of prompt-NO.

Fig. 13 implies that the overall NO emission is decreased byup to 55%
for case 1 and up to 40% for case 2 through the NO-reburning mecha-
nism. The impact of reburning mechanism on the NO reduction is
well-known from previous studies [14,21,25] for the MILD combustion
of pulverised coal. The NO reduction is largely influenced by the vola-
tiles production and combustion phenomena, because CxHy, HCN, and
NH3 are the primary species to lead homogeneous NO reduction reac-
tion (CxHy+NO→HCN+products). Therefore, case 1 reduces more
NO than large particle case. As a consequence, the net NO emission is
measured to be higher at the furnace exit for the large particle case.

3.7. Exhaust emissions

The comparison of measured and predicted NO, CO, O2, and CO2

mole fractions (dry basis) in the exhaust, between case 1 and case 2
are illustrated in Fig. 14.

The largest NO emission was measured for case 2 which is
≤124 ppmv and the value is about 15% higher than that of case 1 for
the same experimental conditions. Nonetheless, the global NO emission
is significantly lower than the measured local NO mole fraction in the
furnace for both cases, due to the influence of NO-reburning reactions.
The CO emission for case 2 is substantially, ~52%, lower than case 1,
which is not dissimilar to the trend of in-furnace CO mole fraction
(see Fig. 9). The exhaust CO level was measured to be 750–892 ppmv
for case 2 while for case 1 the CO level was 1650–1780 ppmv. The
lower CO emission for larger particles' case is related to the low volatile
matters release rate which is attributed by the shorter residence time as
was show earlier.

The O2mole fraction in the exhaust is almost≈54% higher for case 2
than case 1; although for both cases global equivalence ratio was close
to the stoichiometry combustion conditions. For the same boundary
conditions, the higher value of O2 concentration indicates that combus-
tion is not completed for the large particles' case.

Fig. 14 shows a minor discrepancy between the measured values and
computational results of exhaust gas emissions. The under-prediction of
the CO and NO emissions indicate that the simplified devolatilisation
model, reductionmechanismof gaseous species, and simplistic char com-
bustion reactions, which play such a crucial role, are as yet not adequate
to completely reproduce the experimental measurements.

3.8. Char burnout and overall carbon consumption rate

Fig. 15 shows the char burnout rate analyses according to thehetero-
geneous reactions ((R4)–(R6)) of char (Cchar) with O2, CO2, and H2O,
respectively. The column graph illustrates that the char oxidation rate
is about ≈65% for both cases by considering the chemical reaction of
R4 (Cchar þ 1

2 O2→CO). Almost similar findings are reported by other
researchers [21,25] for the MILD combustion simulations considering
low rank pulverised coal. As highlighted in Section 3.5, the amount of
CO2 mole fraction (Fig. 10) is substantially larger than O2 mole fraction
(Fig. 11). The higher CO2 concentration leads to an increase in the char
burnout rate following the gasification reaction.

Fig. 16 illustrates the overall carbon consumption rate of case 1 and
case 2. The plot implies that around 71% carbonwas burnt for the smaller
particle size, while the amount of carbon consumption is around 57% for
the larger particle size. The lower carbon consumption rate for the larger
combustion characteristics of pulverised brown coal, Fuel Processing
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Fig. 14. Exhaust gas concentrations at the furnace exit.
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particle size is related to the insufficient residence time of combustion.
The larger particles are heavier than smaller particles and consequently
the larger particles require more residence time to burn substantially in
comparing with the smaller particles. Future experiments will verify
these results.

4. Conclusions

The present experimental and numerical study demonstrates the
impact of particle size on the MILD combustion characteristics of
pulverised brown coal. In particular, this work investigates the impact
of high temperature vitiated co-flow on the volatiles release and
reaction from different sized particles. In addition, this paper reports
the particle size impact on the NO formation/destruction along with
volatile combustion rates and heterogeneous reactions on char burnout.
Fig. 15. Char burnout by the influence of heterogeneous reactions ((R4)–(R6)).
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The major findings of this study are as follows:

1. A stable MILD combustion of pulverised brown coal is achieved for
both particle size cases. No visible flame is found in the furnace for
any case. Higher luminosity and interior furnace radiation is observed
for the small particles' case than the large particles' case.

2. The small particle case produces higher furnace temperature than
the large particle case. The high temperature production is influ-
enced by more intense volatile combustion of smaller particles'
case. In addition, the increasing Stokes number of the larger particles'
case has a negative impact on themixingwith the hot co-flow aswell
as on the volatile release rate and reactions and consequently
decreases the combustion temperature.
Fig. 16. Overall carbon consumption for cases 1–2.
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3. A semi-uniform temperature distribution is measured inside the
furnace with b100 K difference from the bottom to the top of the
furnace for both cases.

4. The CO emission for the large particle case is substantially, around
52%, lower than the small particle case. This indicates volatile release
rate is significantly lower for the large particles' case in comparison
with the small particles' case.

5. The NO formation trend is considerably higher for smaller particle
case than bigger particle case. The small size particles released
volatiles earlier and combustion initiated shortly. As a consequence,
the succeeding NO production is high. On the other hand, the large
particles take a longer time to dissociate for volatile evolution and
volatile combustion takes long residence time to initiate.

6. The numerical models predict similar flow path-line in the furnace
for both small and large particle cases. The flow pattern inside the
furnace is dominated by the carrier gas injection velocity rather
than the coal particle size. The smaller particles are being circulated
and mixed with the hot co-flow following the flow pattern, while
the larger particles did not follow the flow path-line.

7. In general, the models are well replicated the experimental data.
However, numerical simulation slightly under-predicts CO and NO
emissions. This under-prediction indicates that the simplified
devolatilisation model, reduction mechanism of gaseous species,
and simplistic char combustion reactions, which play such a crucial
role, are as yet not adequate to completely reproduce the experimen-
tal measurements.

8. The numerical simulations predict that 95.5% of total NO produced
via the fuel-NO route for both cases. However, NO formation through
the fuel-NO route for the small particle case is significantly higher
than large particle case. Furthermore, it is calculated that the small
particle case reduced ≈55% of total NO, while the large particle
case decreased≈39% of total NO through the NO-reburning mecha-
nism. As a consequence, the overall NO emission is measured to be
higher at the furnace exit for the large particle case.
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Abstract: In this work a vertical furnace is used to investigate the MILD 

(Moderate or Intense Low-oxygen Dilution) combustion characteristics of 

pulverised Victorian brown coal. This paper reports the effect of 

turbulence on the volatiles' release and reactions under vitiated co-flow 

conditions as well as the impact on the pollutants' formation and 

emission. Loy-Yang brown coal from the Latrobe Valley, Victoria, 

Australia, with particle sizes in the range of 53-125 μm, is injected 

into the furnace using CO2 as a carrier gas through an insulated and 

water-cooled central jet. The bulk jet Reynolds number was varied from 

Rejet = 5,527 to Rejet = 20,000. The furnace walls as well as co-flow 

temperature and local oxygen concentrations are controlled by a secondary 

swirling burner using non-premixed natural gas combustion. The co-flow in 

the furnace was operated with an O2 concentration of 5.9% (db by volume). 

Detailed measurements of in-furnace temperatures and chemical species are 

presented and discussed, together with visual observations and CH 

chemiluminescence (CH*) imaging at the bottom, middle and top parts of 

the furnace. The CH* signal intensity is found to be significantly lower 

at the top part of the furnace which is an indication of slow rate of the 

heterogeneous combustion of char particles. The largest amount of CO 

concentrations are measured for the highest jet velocity (i.e., Rjet = 

20,000) case which implies that with increasing turbulence there is a 

better mixing and a broad devolatilisation zone is formed which produces 

more CO. The measured NO emission for any case was less than 125 ppmv (db 

at 3% O2) which provides evidence to the potential benefits of MILD 

combustion application to Victorian brown coal towards reducing NO 

emission. Complementary CFD model helped in shedding light on the flow 

field, turbulence intensity, volatiles' release rate, combustion of 

volatile matters, and overall carbon consumption inside the furnace for 

the three cases. It was found that increasing the jet Reynolds number 

increases the volatiles release rates and decrease the rate of overall 

carbon consumption. 
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ABSTRACT  

In this work a vertical furnace is used to investigate the MILD (Moderate or Intense 

Low-oxygen Dilution) combustion characteristics of pulverised Victorian brown coal. 

This paper reports the effect of turbulence on the volatiles’ release and reactions under 

vitiated co-flow conditions as well as the impact on the pollutants’ formation and 

emission. Loy-Yang brown coal from the Latrobe Valley, Victoria, Australia, with 

particle sizes in the range of 53-125 μm, is injected into the furnace using CO2 as a 

carrier gas through an insulated and water-cooled central jet. The bulk jet Reynolds 

number was varied from Rejet = 5,527 to Rejet = 20,000. The furnace walls as well as co-

flow temperature and local oxygen concentrations are controlled by a secondary 

swirling burner using non-premixed natural gas combustion. The co-flow in the furnace 

was operated with an O2 concentration of 5.9% (db by volume). Detailed measurements 

of in-furnace temperatures and chemical species are presented and discussed, together 

with visual observations and CH chemiluminescence (CH
*
) imaging at the bottom, 

middle and top parts of the furnace. The CH
*
 signal intensity is found to be significantly 

lower at the top part of the furnace which is an indication of slow rate of the 

heterogeneous combustion of char particles. The largest amount of CO concentrations 

*Manuscript
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are measured for the highest jet velocity (i.e., Rjet = 20,000) case which implies that 

with increasing turbulence there is a better mixing and a broad devolatilisation zone is 

formed which produces more CO. The measured NO emission for any case was less 

than 125 ppmv (db at 3% O2) which provides evidence to the potential benefits of 

MILD combustion application to Victorian brown coal towards reducing NO emission. 

Complementary CFD model helped in shedding light on the flow field, turbulence 

intensity, volatiles’ release rate, combustion of volatile matters, and overall carbon 

consumption inside the furnace for the three cases. It was found that increasing the jet 

Reynolds number increases the volatiles release rates and decrease the rate of overall 

carbon consumption. 
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1. INTRODUCTION  

Brown coal is among the lowest cost fuels for energy generation in the world [1]. 

Brown coal reserves in Victoria, Australia, represents a significant proportion of the 

world’s brown coal reserve (24% of the world's total reserve), estimated at ~430 billion 

tonnes [2]. The Loy-Yang brown coal in Victoria is a low rank and tertiary aged coal 

which is called lignite [3]. Moreover, Victorian brown coal has a high volatile and 

oxygen content, and is low in ash, sulphur and heavy metals, making it unique when 

compared with other solid fuels such as biomass, peat, bituminous coal and anthracite 

[3]. However, Victorian brown coal has high moisture content (about 60 – 70 wt%) [4] 

which reduces the thermal efficiency when burned. In addition, the Victorian brown 

coal has a high content of iron, alkali and alkaline earth metallic species (mainly Na, 

Mg, and Ca) [5], which are largely responsible for slagging and fouling problems in the 

pulverised fuel combustion system. Typical Victorian brown coal-fired system plants are 

characterised by a high emission intensity (≈ 1.22 ton-CO2/MWh) and NOx emissions 

(≈ 650 ppmv) [6, 7] that hampers the utilization of this coal. Thus the efficient use of 

Victorian brown coal and its impact on the environment remains a major challenge. 

Hence, the development of advanced coal combustion technologies motivated this 

research to reduce emission and improve efficiency, to develop accurate modelling and 

scaling tools and to optimize in order to improve viability and utilisation.  

New combustion technologies are required in order to improve efficiency and reduce 

impact on the environment. Such technologies include Ultra Super Critical Combustion 

(USCC) [8], Oxy-coal combustion [9], and Integrated Gasification Combined Cycle 

(IGCC) [10].  

One of the simplest approaches to improve thermal efficiency is to increase 

combustion temperature, usually by preheating the reactants [11] through exhaust heat 
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recovery; the immediate drawback of this technique is the rise in thermal NOx 

formation. In other words, the reduction of pollutants often comes at the price of 

efficiency losses. To overcome this dilemma of high efficiency with increasing NOx 

formation, flue or exhaust gas recirculation into the reaction zone is one of the most 

successful schemes [12, 13]. The recirculated exhaust gases or products of combustion 

contain low oxygen concentration that establishes high temperature and dilution rate 

inside the combustion chamber. The high rate of dilution results in the reactants 

(oxidiser and fuel) mixing with inert gases (i.e. flue gases) before they react [14]. The 

combination of high temperature and high dilution inside the combustion chamber is 

essential to the establishment of Moderate or Intense Low-oxygen Dilution (MILD) 

combustion. The high temperature of reactants and low oxygen concentration alter the 

reaction zone to be classified as “volumetric”, leading to lower and more homogeneous 

temperatures which in turn achieve very low pollutant emissions and improved thermal 

efficiency of the combustion system [15]. These characteristics make this technology 

attractive in comparison to other abatement techniques. MILD combustion is often 

called “flameless combustion” or “flameless oxidation” [16] because, at optimised 

conditions, the flames are both invisible and inaudible. MILD combustion is a subset of 

the “high temperature air combustion” (HiTAC) regime because the combustion air is 

usually preheated to high temperatures [17]. The term “MILD combustion” will be used 

throughout this paper. 

Many numerical and experimental investigations have been carried out to investigate 

the characteristics of MILD combustion using gaseous fuels [15, 18-20]. Although 

MILD combustion has been studied extensively for gaseous fuels, MILD combustion of 

particulate fuels has received much less attention and its burning characteristics are 

poorly understood [17, 21-40]. The first substantial effort to apply MILD combustion 
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technology on the burning of high volatile pulverised coal was led by Kiga et al. [17] in 

a drop tube furnace under the atmosphere of high-temperature preheated air. Their 

experimental measurements suggested that increasing the air preheat resulted in a 

significant elevation of the combustion efficiency, along with a substantial reduction of 

NOx emissions, when compared with conventional combustion. However, they 

concluded that “the use of high-temperature diluted air was not suitable for stable 

pulverised coal combustion” because of the slow combustion rate under low-oxygen 

combustion conditions. The MILD combustion behaviour of high volatile bituminous 

coal was conducted in a 0.58MW furnace by Weber et al. [26] at the International Flame 

Research Foundation (IFRF). The experimental findings of Weber et al. [26] are 

somewhat contradictory to the conclusions of Kiga et al. [17] in terms of stable 

pulverised coal MILD combustion. The results reported a high NOx reduction potential 

for the MILD combustion technology, where the NOx emissions in the exhaust were 

measured below 175 ppm (at 3% O2). However, the fundamental mechanism of NOx 

formation/destruction was difficult to unravel from the experiments. Smart and Riley 

[36] conducted an experimental study to burn high volatile Russian bituminous coal 

under Oxy-MILD combustion conditions in a 500 kW furnace. They reported a 

marginally stable Oxy-MILD coal combustion occurred with their burner configuration, 

where there was a large separation between the pulverised coal and the oxidant. 

Weidmann et al. [37, 38] reported MILD combustion of highly volatile sub-bituminous 

Columbian coal in a 7 m long and 500 kW down-fired furnace with a 750 mm diameter 

cylindrical shape. The combustion air was preheated to 423 K before being introduced 

into the furnace for these experiments. The investigations were specially focussed on 

the impact of the carrier gas on the pollutant (e.g., CO and NOx) emissions under coal-

MILD combustion conditions. Other reported studies include previously reported 
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experimental and numerical results [31] of pulverised brown and black coal combustion 

under MILD mode in a recuperative furnace. This comprehensive study was aimed at 

better understanding the formation and destruction of pollutants, like NOx under MILD 

combustion conditions. It was found that due to lower temperatures, most of the NOx is 

produced by the fuel mechanism and that NOx reburning mechanism plays an important 

role in the total emission. Mei et al. [23, 41] numerically investigated the impacts of 

reactants’ injection velocities and fuel injection angles on coal MILD combustion, using 

the experimental data of Weber et al. [26]. They reported that increasing the velocity of 

the primary air played a significant role in achieving local diluted conditions and 

decreasing the combustion temperature and overall NOx emissions. Vascellari and Cau 

[28] reported the influence of turbulence-chemistry interactions on the predictions of 

pulverised coal MILD combustion using the experimental case of Weber et al. [26]. 

They modelled gas phase reactions using either detailed kinetic mechanisms (consisting 

of 103 reactions) or global kinetic mechanisms (consisting of 2 reactions). Nevertheless, 

no substantial benefits were achieved for the prediction of coal MILD combustion using 

the detailed kinetic mechanisms, in comparison with those found for the global kinetic 

mechanisms. Global kinetic mechanisms require less computational time, without losing 

any major benefits. Therefore, the present study modelled the gas phase homogeneous 

reactions using global kinetics mechanisms. A numerical investigation focussed on the 

microscopic characteristics of pulverised coal MILD combustion was conducted by Jin 

and Zhou [42], using the eddy dissipation concept (EDC) and the eddy dissipation 

model (EDM), along with a simplified gas phase global reaction. The numerical results 

were validated using the experimental data from Weber et al. [26]. They concluded that 

the EDC model reproduces the experimental data more effectively. A numerical study 

[32] on the MILD combustion characteristics of Australian brown and black coal was 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Page 7 of 53 

 

reported using a self-recuperative furnace. It was found that effective mixing between 

the product of combustion and the reactant jets plays a vital role in establishing the 

MILD combustion regime. In addition, it was found that the residence time of the coal 

particles has major impact on the pollutant formations and destructions under MILD 

combustion conditions. In general, a long residence time is essential for complete 

burning of coal particles under MILD combustion conditions in a recuperative furnace. 

This is because under MILD combustion conditions chemical reactions are slower and 

hence characteristic time of the reactions is longer than conventional combustion [18]. 

Razaei et al. [43] reported an experimental study on the flame stability and ignition of 

coal particles under coaxial oxy-coal turbulent diffusion combustion conditions. Using 

thermo-gravimetric analyses (TGA) and Nuclear Magnetic Resonance (NMR) analyses, 

the study concluded that the fundamental chemical structure of the coal has a major 

impact on the flame stability of oxy-coal combustion under complex turbulent diffusion 

conditions. However, they did not reveal any insight to understand the impact of the 

turbulence field and the surrounding flow on the volatiles’ release and reaction from 

pulverised coals burning, under conditions relevant to practical combustion systems 

(i.e., a furnace environment). 

Although the aforementioned experimental and numerical investigations have 

provided valuable insight into coal MILD combustion, there is a lack of experimental 

data to understand the influence of the turbulence field on the stability and pollutant 

formation and destruction of burning pulverised coal under MILD combustion 

conditions. Moreover, no study has been found in the literature that reports the impact 

of the surrounding flow (i.e., vitiated co-flow) and thermal fields on the volatiles’ 

release and reaction from pulverised Loy-Yang brown coal burning under MILD 

conditions. Therefore, it is essential to develop the understanding of the effect of 
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turbulence mixing on the combustion stability and pollutant formation and emissions 

from the MILD combustion of pulverised coal to successfully utilise this technology in 

a wide range of industrial devices.  

The main objective of the current work is to investigate the burning characteristics of 

pulverised Victorian brown coal under MILD combustion conditions. In particular, the 

present study experimentally and numerically investigates the influence of jet inlet 

velocities of Loy-Yang brown coal carried by CO2 on the flame stability and pollutants’ 

formation and destruction. The fuel jet bulk Reynolds number is varied from Rejet = 

5,527 to Rejet = 20,000 to investigate the impact of turbulence on the devolatilisation as 

well as volatiles’ reaction of the coal particles under MILD combustion conditions. 

Owing to the highly reactive nature of the Victorian brown coal, as a class of low rank 

coal, it deserves special attention to probe the devolatilisation zone during the 

combustion. Furthermore, it is well established that the devolatilisation step of 

pulverised coal combustion, and especially the volatiles release location and volatiles 

release rate, are the main controlling parameters, which regulate the flame shape and 

length [44].  

A previous paper by the authors [45] examined the impact of particles’ size on the 

MILD combustion of pulverised brown coal using a constant jet bulk Reynolds number 

(viz., Rejet = 20,000), whereas the current paper examines the effect of fuel jet Reynolds 

number on the burning of pulverised brown coal under MILD combustion conditions at 

fixed particles size range. Detailed measurements of in-furnace gas concentration (CO, 

CO2, O2, and NOx) and in-furnace temperatures along with exhaust emissions are 

analysed and discussed. To augment the understanding of the experimental 

measurements, computational fluid dynamic (CFD) modelling is carried out. The 

numerical results are presented to shed light on the flow field structure, devolatilisation 
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zone as well as volatiles release rate, combustion of volatile matters, and overall carbon 

consumption inside the furnace for three different fuel jet Reynolds number cases. 

2. EXPERIMENTAL SETUP AND METHODOLOGY 

2.1 Furnace Detail 

A schematic diagram of the MILD combustion furnace and supply system with 

secondary swirl burner arrangement, designed and built for this research study, is shown 

in Figure 1. The vertically-oriented furnace has an inner working length of 1200 mm 

and a cross-section of 260 × 260 mm
2
. The furnace walls are well insulated, with 100-

mm-thick high-temperature ceramic fibre-board refractory. This aids to reach steady-

state operation of the furnace from the cold state with warm-up time of 2 hours and 

helps in the stability of the pulverised coal combustion under MILD conditions. It is 

measured that only around ~9% of total heat is lost through the furnace walls. The heat 

loss through the walls is calculated as a percentage of the total thermal input. The total 

thermal input of the furnace was 48 kW whereas 10 kW was added by the pulverised 

coal combustion and rest was supplied by the secondary burner. The total conduction 

heat losses through the walls were calculated to be ~4.3 kW. The furnace has equally 

spaced eight openings/windows (120 × 75 mm
2
) along the vertical directions on three 

walls to allow full optical access. These openings can accommodate UV-grade clear 

quartz windows, when needed, or be insulated by window plugs. Worth noting to 

mention that the openings for optical access were insulated most of the time during the 

experiments, except the flame photo/CH* images were captured. The authors carefully 

considered the impact of radiation heat loss through the specific window opening for 

the short period of time required to capture the images and concluded that it is 

negligible. The maximum capacity of the furnace is 60 kW where 20 kW heat can be 

added by pulverised fuel combustion and 40 kW comes from the secondary burner with 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Page 10 of 53 

 

a turndown ratio of 2:1. More details of the experimental set-up have been described 

previously [45]. 

 

Figure 1. Schematic diagram of the MILD combustion furnace and supply system, co-flow swirl burner, 

and jet exit details. 

An insulated duct configuration is built to transport the hot combustion products (co-

flow) from the secondary burner to the furnace. Two porous beds filled with ceramic 

beads (mean bead diameter ~ 4mm) of 20 mm layers are used to help create a uniform 

co-flow. The water-cooled and well insulated central jet with an internal diameter (Djet) 

of 19 mm is used to inject coal into the furnace carried with CO2.  

The secondary burner is a swirl burner which operates in a non-premixed mode that 

supplies hot combustion products under various fuel-lean conditions. A schematic of the 

swirling burner is shown in Figure 1. The swirling burner has a bluff-body of 64.5 mm 

diameter with a 7 mm central fuel jet. The bluff-body is surrounded by an annulus, 

68 mm in diameter. The length of the annulus and the swirling burner together is 275 
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mm. The combustion air stream is introduced into the annulus through a 6.35 mm 

diameter tangential swirl port/inlet, which is positioned 45 mm downstream of the 

burner’s bottom plane and inclined 30º upward to the radial/horizontal plane. The swirl 

burner can operate between the equivalence ratios of 0.5 and 1.0, with a stable and 

attached non-sooty flame, where commercial natural gas (NG) is used as a fuel.  

2.2. Furnace Operating Conditions 

Three different experimental conditions were used in this study. For all cases, stable 

steady-state combustion was achieved and thermal equilibrium was reached before data 

collection started. A summary of the experimental conditions on the stable operation of 

Loy-Yang brown coal MILD combustion is shown in Table 1.  

The temperature of the co-flow, and the furnace wall as well as O2 concentrations in 

the co-flow was controlled through the secondary swirling burner. Air at room 

temperature was used as oxidant and commercial natural gas was used as fuel. The 

secondary swirling burner operated with an equivalence ratio of  = 0.7 (excess O2 of 

5.9% db by volume). A summary of the operating conditions and measured gas 

concentrations in the co-flow, at the exit plane of the coal jet, is shown in Table 2.  

When the thermocouple temperature at the exit plane of the jet, exceeded a set 

threshold (≈ 1100 K) well above the self-ignition temperature of pulverised coal, the 

coal particles were introduced into the furnace through the water-cooled fuel jet using 

carbon dioxide (CO2) as a carrier gas. It is worth noting that CO2 was selected as a 

carrier gas for the current experiments based on previous work [31, 37]. Previously, the 

authors investigated the effect of carrier gas (using either CO2 or N2) on the MILD 

combustion characteristics of pulverised coal [31] and results only showed minor 

differences associated the type of an inert carrier gas. Another experimental study [46] 
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was conducted to burn biomass fuel under MILD combustion conditions using the same 

furnace [31] where pulverised biomass fuel was carried using either air, CO2, or N2 as a 

carrier gas. It was found that the case with air as the carrier gas gave the worst results, 

in terms of CO and NOx emissions and resulted in faint flame sheets appearing inside 

the furnace. However, the case with CO2 as a carrier gas gave the best results in terms 

of pollutant emissions. Weidmann et al. [37] reported a similar observation for MILD 

combustion of pulverised coal. They found a significant increase in CO and NOx 

emissions when CO2 was replaced by air as a carrier gas of the coal particles. In 

addition, the use of an inert simulates the circulating of exhaust gasses through the fuel 

stream to ensure sufficient dilution before reaction can start. This is a pre-requisite for 

the establishment of MILD combustion. 

 

Table 1: Furnace operating parameters for the stable combustion of Loy-Yang brown 

coal 

Parameters Case 1 Case 2 Case 3 

Fuel jet inlet temperature (K) 325 325 325 

Fuel jet velocity (m/s) 8.84 4.88 2.44 

Jet Reynolds number 20000 11054 5527 

Furnace wall temperature (K) 1112 - 1236 1112 - 1236 1112 - 1236 

Particle sizes (μm) 53 - 125 53 - 125 53 - 125 

Global equivalence ratio,  0.96 ± 0.02 0.95 ± 0.01 0.93 ± 0.02 

Co-flow velocity (m/s) 1.56 1.56 1.56 

Co-flow temperature (K) 1284 1284 1284 

Co-flow O2 ( v/v % db) 5.9 5.9 5.9 

Co-flow Reynolds number 2385 2385 2385 
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Table 2: Operating parameters of secondary (swirl) burner and measured gas 

concentrations of co-flow 

Parameters Co-flow  

Fuel Natural gas
*
 

Equivalence ratio,  0.7 

Velocity (m/s) 1.56 

Temperature (K) 1284 

Excess O2 ( v/v % db) 5.9 

CO (ppmv dry) 19 

CO2 (v/v % db) 8.9 

NOx (ppmv dry) 98 

* Natural gas properties [mole% (v/v)]: CH
4

 92%, C
2

H
6

 4.28%, Other inerts 

3.72%. Moomba Natural gas analysis, SA, Australia.
 

2.3. Coal Characteristics 

A Victorian brown coal, Loy-Yang, was milled and sieved into the range 53<d<125 

micron. The coal particles were pulverised using an electrical grinder. The pulverised 

coal was dried in an electric oven at 105 ºC for 4-5 hours to remove moisture and then 

stored in a sealed container under ambient condition. Proximate and ultimate analyses 

of the coals are presented in Table 3. The gross dry calorific value of Loy-Yang brown 

coal is measured to be 24.5 MJ/kg. 

A twin-screw volumetric coal feeder was specially built for this project to decouple 

the carrier gas flow rate from the solid particle supply rate. Volumetric feeding produces 

an accurate and controllable discharge rate for continuous operation, especially when the 

bulk density of the fed material is consistent [47]. On the other hand, a gravimetric feeder 

is more expensive, more difficult to control, and are mainly used for high precision 

applications such as the pharmaceutical industry [48]. From, our previous experience 

[31] and the other researchers’ [49] experimental observation encouraged us to select a 
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volumetric feeder for discharging carbonaceous solid particles at a constant and 

consistent flow rate. A twin-screw feeding system is used because it is specifically useful 

for discharging sticky, non-compliant solid fuels, such as pulverised brown coal. A screw 

feeder at the bottom of the hopper gradually moves the pulverised coal particles to the 

large throat and then into the discharge screws. The coal feeder is slightly pressurized to 

prevent outside air penetration and all joints are sealed by using leak-proof gaskets to 

avoid any moisture addition in the coal. The coal feeding rate was constant and set to 

1.47 kg/hr for ≈10 kW heat input by the pulverised coal for all the experiments. It is 

worth noting that the absolute error of the coal mass flowrate was measured to be 

  1.5%, whereas the absolute error of the gas flowrate measurements was   2%, 

according to the manufacturer’s specifications. 

Table 3. Loy-Yang brown coal analyses 

Ultimate analysis (wt % dry ash free) 

C 66.8 

H 4.8 

O 
(by difference)

 28.0 

N 0.4 

S - 

Proximate analysis (wt % dry basis) 

Fixed carbon 47.3 

Volatile matter 51.3 

Ash 1.4 

 

2.4 Measurement Techniques 

The temperature inside the furnace was measured using 6-mm-diameter sheathed 

Pt/Pt 13% Rh (R-Type) thermocouples. The temperature measurements were corrected 

to account for thermocouples’ radiation. All temperature measurements are logged 
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continuously using a PC and USB-TC data logger. The measurements were conducted 

at 27 different locations along the furnace height at locations Y= 70, 170, 270, 370, 470, 

570, 670, 770, and 870 mm from the fuel jet exit plane and for three horizontal 

locations starting from the centreline Z=0, and at locations Z=50mm and Z=100mm.  

 

A steady-state energy balance equation is used on the thermocouples’ bead surface 

for radiation temperature corrections. The corrected furnace temperature (Tf) was 

calculated from the measured thermocouples’ temperature (Tm) and net radiation energy 

between diffuse-gray surfaces in an enclosure according to Howell et al [50] as follows: 

         
             

     
   

   

 
     (1) 

Where Ab and εb represents the cross-sectional area and emissivity of thermocouple’s 

bead surface respectively, N represents the total number of walls in the enclosure (i.e., 

furnace), σ represents the Stefan–Boltzmann constant, G1w represents the emitted 

radiation fraction of the thermocouple bead which is absorbed by a specific wall surface 

W in the enclosure (i.e., furnace) [50], Tw represents the wall surface temperature of the 

furnace and h is the convective heat transfer coefficient for a sphere (i.e., 

thermocouple’s bead surface). The calculations show that the maximum radiation 

correction is 4.5% while most correction is less than 2% between actual furnace 

temperatures and thermocouples measurement. It is worth mentioning that the 

conductive heat transfer through the ceramic sheath as well as any catalytic and 

oxidation effects of the thermocouple were neglected and are believed to be negligible.  

A water-cooled sampling probe [31] is used and introduced through the 

sampling/thermocouple ports to measure in-furnace O2, CO, CO2 and NOx mole 

fraction using a portable gas analyser, TESTO Model 350XL. The gas analyser cools 
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and filters the gases before the sensing cells. The absolute errors of these measurements, 

according to the manufacturer’s specifications, are ±0.8% (by volume) for O2, ±10 

ppmv for CO, and ±5 ppmv for NO of measured value. In addition to the in-furnace 

measurements, global emissions were also recorded at the exit of the furnace using the 

same gas analyser.  

3. BRIEF DESCRIPTION OF THE NUMERICAL MODEL 

The numerical study is conducted to deepen understanding on the experimental 

observations and in particular to shed light on the flow field structure, turbulence 

intensity, devolatilisation zone and volatile reaction rate. This study uses a two-

dimensional, structured, hexahedral mesh of 1 million cells, and models half of the 

furnace geometry. The commercial CFD software ANSYS Fluent version 14.5 is used 

for the implicit and steady state simulation. The mesh of the geometry was created 

using ANSYS Meshing. A grid independence study was conducted and the current mesh 

density was found to be adequate. All models solved the Reynolds-Averaged Navier-

Stokes (RANS) equations. The pressure-velocity coupling is solved using the Semi-

Implicit Method for Pressure Linked Equations (SIMPLE) algorithm method. The two-

equation realisable k-ε turbulence model [51] is used for simulating gas-phase turbulent 

flow characteristics, which is different from the standard k-ε model in the fields of the ε 

equation and eddy viscosity constant Cμ [42] . The modified source term of the ε 

equation is used to solve the spreading rate of round jets, and the constant Cμ can 

guarantee the realisability effect, which is relative to mean strain and rotation rates [42]. 

The model has been widely adopted to predict turbulent flow performance for different 

kinds of flows, such as rotational flow and strong recirculation flow to better reproduce 

the experimental results [23, 28, 32, 41, 42]. The Rosin-Rammler distribution is used to 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Page 17 of 53 

 

describe particle size distribution, with particle size range from 53 to 125 µm. Discrete 

Ordinates (DO) [52] radiation model, considering the directional nature of the radiation, 

is used to solve the radiation heat transfer equation because the DO radiation model is 

considered to be more suitable than weighted-sum of grey-gases (WSGG) model for the 

laboratory-scale furnace [53, 54].  

The Discrete Phase Model (DPM) was implemented to calculate the particle 

trajectories relative to the fluid phase. The two-way coupling of a deterministic 

Lagrangian approach [55] was adopted to describe the fluid particle interactions. The 

dispersion of particles due to turbulence in the continuous fluid phase was calculated 

using a stochastic tracking model with a discrete random walk that includes the effects 

of instantaneous turbulent velocity fluctuations on particle trajectories. The iteration 

frequency parameter of the particle phase was set to 20, meaning that following every 

20 iterations of the gas phase calculation, the particle trajectories were calculated and 

updated. The second-order upwind scheme is employed for all spatial discretisations. 

The simulations were run with 48 cores on the Tizard supercomputer facilities of 

eResearch SA.  

The coal devolatilisation process is modelled using a single-step reaction model 

where the kinetic rate is calculated on the assumption that the devolatilization process is 

first-order dependent on the coal volatile matters. The pre-exponent factor and 

activation energy of Arrhenius equation of this study used for the specific Loy-Yang 

brown coal following Zhang et al. [56]. A previous study [32] concluded that the single-

step reaction model is comparable with an advanced devolatilisation model 

(viz., Chemical Percolation Devolatilization, CPD) to predict the coal combustion 

process. Noteworthy is that there is no kinetic data available for an advanced 

devolatilisation model except for the single-step reaction devolatilisation model as 
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reported in [56]. A global volatile combustion mechanism is used to describe volatile 

oxidation reaction as follows: 

            
 

 
 
 

 
 

 

 
       

    
 

 
    

 

 
        

(R1) 

The values of the variables p, q, r, s, and t are found from the ultimate analysis of the 

coal (refer to Table 3). Two-step homogeneous reactions are used to describe gas-phase 

chemistry: 

                      (R2) 

              (R3) 

The three step heterogeneous reactions are used to describe char-particle surface 

reactions which is the combination of oxidation (R4), Boudouard (R5) and gasification 

(R6) reactions: 

       
 

 
      (R4) 

              (R5) 

                 (R6) 

In Table 4, the kinetic constants are listed for the equations (R1) – (R6). In this study, 

Eddy Dissipation Concept (EDC) model [57] with finite-rate chemistry is used to 

describe turbulence–chemistry interaction.  

 

 

 

 

 

Table 4: Kinetic constants for reactions (R1)-(R6) 
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Reaction A Ea 

(J/kg mol) 

Reference 

(R1) 4.84×10
7 

5.1×10
7 

[58] 

(R2) 

Forward 

2.24×10
6
 4.18×10

7 
[59] 

        

Backward  

1.1×10
13

 3.28×10
8 

(R3) 

Forward 

7.9×10
10

 1.46×10
8 

[59] 

        

Backward  

3.48×10
13 

3.98×10
8 

(R4) 2.4×10
-3 

6.906×10
1 

[56] 

(R5) 5.3×10
-3

 1.255×10
3
 [56] 

(R6) 6.35×10
-3

 1.62×10
2
 [56] 

 

4. RESULTS AND DISCUSSION 

Three different experiments and modelling cases were conducted with different fuel 

jet bulk Reynolds numbers, namely; Rejet = 5,527, Rejet = 11,054, and Rejet = 20,000. 

For all cases, the co-flow conditions (see Table 2) and the mass flow rate of pulverised 

coal were kept constant. Only the flow rate of the carrier gas, CO2, is changed. This 

section is a mix of computational and experimental results that describe the flow, 

thermal and scalar fields for the three cases. 

4.1. In-furnace appearances of coal-MILD combustion  

Figure 2 shows photographs taken from a side window close to the bottom 

(Y = 80 mm), middle (Y = 500 mm), and top (Y = 995 mm) of the furnace for the three 

jet Reynolds number cases. These instantaneous images were captured with the same 

camera settings (F/4.6 – 16 ms – ISO 250) for all cases. The bottom photographs imply 

that no flame is visible at the jet exit. The coal particles would have been subjected to 

radiation heating from the walls and started to mix with the hot vitiated co-flow. No 
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apparent flames can be seen but it is expected that the devolatilisation process would 

have started. Figure 2 shows that a luminous flame in the middle and top parts of the 

furnace for case 1. The appearance of faint yellowish flames in case 1 are believed to be 

associated with the poor mixing of volatile matter with the surrounding hot products of 

combustion. Similar findings regarding the existence of ghost flames or sparks are 

reported by Li et al. [30], Weber et al. [26] and Smart et al. [36] for the MILD 

combustion of pulverised coal. On the other hand, no visible flame is found in the 

middle and top parts of the furnace for cases 2 and 3, suggesting that in these regions 

the combustion can be described as stable flameless or MILD combustion. On the 

fundamental side, the different ignition delay and burnout times of coal particles under 

three dissimilar turbulence levels (viz. Rejet = 5,527, Rejet = 11,054, and Rejet = 20,000) 

impacted on the furnace’s flame appearance. However, the location of flame ignition is 

very difficult to determine from these images alone and the existence of MILD 

combustion will be further supported by the subsequent results presented in this paper. 
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Figure 2. Photographs of the furnace for different jet Reynolds number cases; (a) top (Y = 995 

mm), (b) middle (Y = 500 mm), and (c) bottom (Y = 80 mm) part of the furnace 

4.2. Flow fields 

To understand the mixing pattern of fuel jet and surrounding vitiated co-flow gases, 

it is essential to probe the aerodynamics inside the furnace. Figure 3 demonstrates the 

flow path-lines as well as velocity magnitudes for the three jet Reynolds number cases. 

The velocity contours show substantial differences in terms of flow recirculation pattern 

between the three cases. No recirculation is observed for the Rejet = 5,527 case, which 

shows signs of conventional combustion, with a visible flame owing to the poor mixing 

of volatile matter with the hot vitiated co-flow. This observation is consistent with 

visual experimental observation (see Figure 2). For cases 2 and 3, a strong recirculation 

is predicted half way along the furnace. This recirculation zone is more intense and 

broad for the highest Reynolds number case. In addition, the recirculation zone is 
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shifted upstream of the fuel jet by increasing the jet Reynolds number. Simply, higher 

jet Reynolds numbers lead to enhance mixing of the fuel jet with the vitiated co-flow.  

 

 

Figure 3. Predicted velocity distribution of Loy-Yang brown coal MILD combustion for 

cases 1-3 

4.3. Turbulence intensity 

Figure 4 shows the comparison of turbulence intensity for cases 1-3. The plot depicts 

that the turbulence intensity rises with increasing jet Reynolds number, as expected. 

Low turbulence intensity, up to 5% is found for case 1; while for case 2 the turbulence 

intensity is calculated to be 15%; and the maximum turbulence intensity is calculated to 

be more than 20% for case 3. The high-turbulence intensity for case 3 is centred on the 

stronger recirculation vortex in the middle of the furnace. The recirculation vortex 

impacts on the particle dispersion and mixing with volatile matters and surrounding hot 

co-flow gases.  
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Figure 4. Calculated contours of turbulence intensity for all three cases 

 

Figure 5 illustrates the distributions of coal particles’ concentration in terms of 

velocity for cases 1-3. The plot further points to the dependency of particles’ path-line 

on the turbulence intensity. For the low turbulence intensity case (case 1), the particle 

trajectory follows a straight path-line. While for case 3, the particles are found to be 

entrained into the furnace volume, particularly in the recirculation vortex of the flow. 

The intense recirculation of the particles for case 3 influence on the devolatilisation 

process and chemical species formation as described later in section 4.7  
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Figure 5. Computed coal particles’ velocity and path-line for cases 1-3 

4.4. Thermal fields 

The comparisons between the model predictions and the measured, mean 

temperatures for the three cases are shown in Figure 6. The temperature difference at 

various locations of the furnace is less than 100 K which implies that a homogeneous 

temperature distribution is achieved for each of the studied cases. However, a clear 

distinction exists between those measured temperatures for different jet Reynolds 

numbers along the furnace centreline (X= 0, Z = 0). The furnace temperature for Rejet = 

20,000 case is ~150K lower than Rejet = 5,527 case. The difference is attributed to the 

carrier gas stream, which adds 3.6 times more CO2 to the system for the Rejet = 20,000, 

as compared with the Rejet = 5,527 case. The thermal mass of the additional CO2 

accounts for the heat sink and most of the resultant reduction in temperature. Worth 
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noting is that the fuel heat input for all cases remained constant and only the carrier gas 

flow rate is changed to increase the bulk jet Reynolds number. 

The axial temperature profiles at Z = 50mm and Z =100mm show consistent results 

for the three cases with minor variation related to the location of heat release. 

 

In Figure 6, no substantial difference between the model predictions and the 

measurements can be seen, with the exception of the fuel jet at the centreline (X = 0 mm, 

Z = 0 mm) position in the furnace. The numerical model underestimated the flame 

temperature for the prediction of centreline temperature profiles. However, the 

temperature predictions by the model and the measurements are quite reasonable at the 

top part of the furnace centreline, in particular at location Y/Dj > 28. This discrepancy 

can be explained by the presence of a cold zone that corresponds to the central fuel jet of 

the model, which is not found by experimental measurements. A similar cold zone has 

been reported by Vascellari et al. [28] for the simulations of pulverised coal MILD 

combustion using a detailed chemistry mechanism. Nevertheless, the trends of the 

temperature levels and the temperature peaks are reproduced well by the model for all 

cases at the position of Z = 50 mm and Z = 100 mm. It is noteworthy that the temperature 

profiles are flat from the middle to top of the furnace, pointing to a homogenous 

combustion and a slow reaction. This feature is well reproduced by the numerical model.  

 

Figure 7 presents comparison of the measured mean temperature contours, for half of 

the furnace, between the three jet Reynolds numbers’ cases. The contour plots depict the 

trend of decreasing temperature with increasing coal injection velocities, leading to a 

large temperature difference at the bottom of the furnace, in particular close to the jet 

exit. This expected trend relates to volatiles’ release and reaction which is extended 
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further downstream with increasing jet velocity and furthermore, the high velocity cold 

jet penetrates further downstream for the largest Reynolds number case (i.e., Rejet = 

20,000). The increased penetration of the jet extends the volatiles’ release zone, 

enhances mixing with the surrounding flow and delays ignition and start of the reaction. 

Such effects lead to a significant impact on the suppression of the temperature. A 

similar thermal boundary layer seems to develop next to the wall for all three cases. 

 

 

Figure 6. Measured and computed temperature profiles of Loy-Yang brown coal under 

MILD combustion for cases 1-3 
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Figure 7. Measured mean temperature distribution for one half in the middle of the 

furnace for cases 1-3. 

4.5. Release of volatiles  

Figure 8 shows the contours of volatiles’ mole fraction for cases 1-3. The CFD 

model assumes the volatile matter is composed of C, H, O, N, and S elements that are 

released as a combustible gas after the devolatilisation process. The volatile 

composition was obtained employing the coal calculator in ANSYS Fluent, based on 

the proximate and ultimate analysis of Victorian brown coal (as shown in Table 3). The 

volatile mole fraction was computed as the ratio of released gaseous volatiles from the 

coal particles to the total moles of gas in the furnace. The two-dimensional contours of 

gas-phase volatiles’ mole fraction were directly computed by the ANSYS Fluent 

software employing a post-processing approach. Figure 8 illustrates that the release of 

volatiles is influenced by the turbulence level and mixing pattern in the furnace, while 

the mass flow rate of fuel was constant for all cases. Nonetheless, the maximum 

volatiles mole fraction was produced for the Rejet = 5,027 case due to the lower flow 

rate of carrier gas into the furnace. Considering the shape of volatiles’ mole fraction 

zone, the volatile gases are released through a wide region away from jet exit plane for 

the Rejet = 20,000 case, which is due to the better mixing and higher level of dilution by 
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CO2 carrier gas stream. Whilst, for the cases of Rejet = 5,027 and Rejet = 11,054 the 

volatiles are released along the centreline of the furnace. 

Figure 9 displays the relationship between the computed mean particle residence 

time and normalised maximum volatiles mole fraction along the furnace centreline for 

all cases. The mean particles residence time for the case of Rejet = 5,027 is calculated to 

be ≈ 690 ms, whereas for the case of Rejet = 11,054 the value is ≈ 470 ms and for the 

highest Reynolds number (Rejet = 20,000) case the mean particle residence time is 

≈ 370 ms. The residence time of each injected particles was recorded at the furnace 

outlet when it exited from the furnace, employing a sampling method. This approach is 

called “residence time distribution (RTD) by particle tracking method” [60, 61]. The 

mean particle residence time in this work was directly calculated from the RTD method. 

Noteworthy, is that despite this difference, the normalised values of maximum volatiles 

mole fraction indicate that volatiles release rates are independent of particles residence 

time. Nonetheless, the rate of volatile gases release is predominantly related to mixing 

pattern (and hence heating rate and mass transport) and the level of turbulence as shown 

in Figure 4. For all cases, larger values of jet Reynolds number indicate higher release 

rates of volatiles.  
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Figure 8. Computed contours of volatiles’ mole fraction 

 

 

Figure 9. Calculated mean particle residence time and normalised maximum 

volatiles mole fraction for case 1-3 
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4.4. Volatiles’ combustion 

In Figure 10, the predicted volatiles’ reaction rate, (reaction (R1)) for the three cases 

is presented. It is clear that volatile reaction rate increases significantly with increasing 

the jet Reynolds number. The highest level of volatiles’ combustion rate is observed for 

the largest jet Reynolds number case. These results are in good agreement with 

experimental observations that will be presented later (see Figure 11). In the 

experiments, the largest amount of in-furnace CO concentration is measured for the 

Rejet = 20,000 case which is consistent with the model prediction. As seen in Figure 6, 

increasing the fuel injection velocity into the furnace increases the volatile combustion 

rates, which is due to the increased circulation and better mixing of fuel jet stream with 

surrounding hot oxidant stream.  

 

 

Figure 10. Calculated contours of volatiles reaction (R1) rate for all three cases 
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4.7. In-furnace Gas Composition 

Figure 11 represents a comparison of in-furnace CO dry mole fraction between three 

different jet velocities along the centreline of the furnace. The measured in-furnace CO 

levels for the Rejet = 20,000 case were generally higher in these experiments than the 

other two cases (lower jet Reynolds numbers). The increase in Reynolds number leads 

to a better mixing of the volatiles and the co-flow and hence producing more CO. In 

addition, the formation of CO might also be influenced by the delayed diffusion rate of 

coal volatiles under the conditions of higher CO2 concentration. In the top part of the 

furnace, CO levels are found at their lowest concentration, suggesting that the gaseous 

volatiles are almost burned by then. Furthermore, for the case of Rejet = 5527 the 

highest level of volatiles are released at the Y = 270 mm (Y/D = 14.2) position along 

the centreline of the furnace because of relatively longer residence time of coal 

particles. Although the position of highest concentration of CO are measured to be 

similar at the Y = 570 mm (Y/D = 30) position along the furnace centreline for the cases 

2 and 3, the total CO concentration at this position for case 3 is about 48% higher than 

that for case 2.  

A comparison between the measured and computed CO dry mole fraction is depicted 

in Figure 11. In general, the numerical simulation predicts a lower concentration of CO, 

with respect to the experimental results. This disagreement could be influenced by 

several factors. A sequential number of reactions are involved in CO production. The 

coal devolatilisation process releases CO as a volatile matter. In addition, CO is formed 

by the oxidation of the volatile contents and char. Moreover, the water gas shift reaction 

(             ) alters the CO concentrations. None of these processes were 

considered in the numerical model, other than volatile oxidation and char combustion. 
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Nonetheless, the numerical prediction of a lower CO mole fraction is quite similar to 

previous works [23, 28, 31, 32] for the MILD combustion of pulverised coal. 

 

Figure 11. Measured and computed profiles of in-furnace CO molar fraction (db) for cases 1-3 

 

The numerical results and measured axial (X = 0 mm) in-furnace CO2 mole fraction 

(db) for cases 1-3 are shown in Figure 12. The maximum values of CO2 mole fraction 

are found to be closer to the jet exit position (X = 0 mm, Z= 0 mm) which are measured 

to be ≈ 61.7 % for the Rejet = 20,000 case, whereas for the case of Rejet = 11,054 the 

value is ≈ 46.3 % and for the lowest Reynolds number (Rejet = 5,527) case the value is 

≈ 22.6 %. It is not surprising that the highest level of CO2 was found for the largest 

Reynolds number case, because the largest volume of CO2 concentration was 

introduced into the furnace as a carrier gas for this case. On the other hand, the CO2 
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concentrations values are found to be lowest and almost similar for different cases at the 

location of 70 mm above the jet exit plane for 50 mm (X = 0 mm, Z= 50 mm) and 100 

mm (X = 0 mm, Z= 100 mm) away from the furnace centreline suggesting that the 

combustion reaction started slowly due to the high dilution of reactants and 

consequently extended the ignition delay. 

The numerical model predicts a similar trend of CO2 concentrations to those obtained 

experimentally at locations Z = 50 mm and Z = 100 mm. However, the model 

overestimated the CO2 concentration along the centreline (X = 0 mm, Y = 0 mm) of the 

furnace. The high CO2 concentration at the centreline of the furnace is mainly 

associated with the CO2 injected into the furnace as a carrier gas. Nonetheless, the 

discrepancy between the model predictions and the measurements can be explained by 

the poor mixing of the carrier gas (CO2) with the combustion products.  

 

Figure 12. Measured and computed profiles of in-furnace CO2 dry molar fraction for cases 1-3 
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Figure 13 illustrates the comparison of measured in-furnace O2 dry molar fraction, 

for cases 1-3, along the centreline (X = 0 mm, Z= 0 mm) of the furnace; and 50 mm 

(X = 0 mm, Z= 50 mm) and 100 mm (X = 0 mm, Z= 100 mm) away from the furnace 

centreline. The O2 concentration near (around 70 mm above) the jet exit point of the 

furnace centreline (X = 0 mm, Z= 0 mm) is measured to be 2.63% for Rejet = 20,000 

while the co-flow O2 concentration was 5.9%. The lower value of O2 concentration is 

obtained because of high level of dilution with incoming CO2 concentration as a carrier 

gas for the largest Reynolds number. This could also be associated with the delayed 

ignition of the flame for high level of turbulence. On the other hand, the measured O2 

concentration near to the jet exit point are found to be similar (≈4.6% - 4.8%) for cases 

1 and 2. Considering the same vertical position (Y/D = 3.7) for 50 mm (X = 0 mm, 

Z= 50 mm) and 100 mm (X = 0 mm, Z= 100 mm) away from the furnace centreline, the 

measured O2 concentration is found to be similar to the co-flow O2 concentration 

(≈5.7%), for all cases. The lowest values of O2 concentration were found at the top of 

the furnace, which are at levels similar to the exhaust, indicating that almost all of the 

volatile matters are consumed before reaching this region. 

No major discrepancy between the numerical predictions and measured O2 

concentration can be found for the three cases at locations Z = 50 mm and Z = 100 mm. 

However, the O2 concentrations are underestimated along the centreline of the furnace; 

particularly for locations downstream from the fuel jet exit. This discrepancy is not well 

understood and, speculatively, it is associated with inaccurate calculations of the fuel jet 

entrainment.  
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Figure 13. Measured and computed profiles of in-furnace O2 dry molar fraction for cases 1-3 

4.8. NO Distribution 

It is well established that nitric oxides (NOx, i.e., combination of NO and NO2) are 

produced through three different formation routes during the combustion of pulverised 

solid fuels (e.g., coal) as follows: 

1. Thermal NOx: The formation of thermal-NOx corresponds to the immediate 

oxidation of molecular nitrogen (N2) from the combustion air which is favoured by 

high combustion temperature. However, thermal-NOx formation is insignificant 

when the local temperatures are below 1800 K [23, 35]. Indeed, the highest mean 

temperature of the present experiments is measured to be lower than 1400 K, and 

thus the contribution of thermal-NOx is expected to be negligible.  
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2. Prompt NOx: The prompt-NOx production generally occurs in the fuel-rich medium 

by the reaction of atmospheric N2 with hydrocarbon fuels. In general, prompt-NOx 

has a minor effect on the overall NOx formation under MILD combustion conditions 

because of the strong diluted mixture of reactants with large amounts of products. 

 

3. Fuel NOx: Fuel NOx is generated by the oxidation reaction of the nitrogen (N) 

incorporated in the solid particles. It is assumed that the nitrogen (N) bound into the 

particle is entirely discharged throughout the devolatilization process and diffused 

into the volatile matters and the char. Thus, the fuel-NOx is produced by two 

evolution paths such as oxidation reaction of volatile-nitrogen and char-nitrogen. It 

is noteworthy to mention that NO2 level was below the detection limits of the gas 

analyser in all the measurements and thus only NO is reported in this paper. 

Nevertheless, it is well-known that NO accounts of more than 95% of total NOx 

formation in most coal combustion process [44, 62]. This mechanism is known to be 

responsible for the majority of NO formation under coal MILD combustion. 

 

Finally, the turbulent mixing of coal particles with hot product of combustion from 

secondary burner within the furnace develops a strong reburning reaction of NO and 

consequently leads to minimize overall NO emission.  

 

Figure 14 compares the measured in-furnace NO dry molar fraction between the 

three jet Reynolds number cases and for all measurement locations. The highest value 

of in-furnace NO mole fraction for the Rejet = 20,000 case is found to be ≈170 ppm at 

570 mm (Y/D = 30) above the jet exit which decreases to ≈157 ppm at the exit. This 
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indicates that NO is consumed through the reburning reactions. It is interesting to note 

that the largest NO concentration peaks for the cases of Rejet = 11,054 and Rejet = 5,527 

are observed at the position of Y/D = 24.7 and Y/D = 19.5 along the furnace centreline 

(X = 0 mm, Z= 0 mm) which can be explained by the early devolatilisation of coal 

particles for the lowest Reynolds number case. Those results re-confirm that NO is 

predominantly formed by the volatile matter oxidation through the fuel-NO path.  

 

Considering the NO profiles at 50 mm (X = 0 mm, Z= 50 mm) and 100 mm (X = 0 

mm, Z= 100 mm) away from the furnace centreline, minor differences between the 

three cases can be observed from Figure 14, although for Rejet = 5,527 case, the NO 

mole fraction in the middle part of the furnace is measured to be higher than the other 

two cases. This can be explained by the higher residence time of coal particles for the 

lowest jet Reynolds number. The long particle residence time allows the production of 

higher fuel-NO from the oxidation reaction of the incorporated nitrogen (N) in the coal 

particles. It is presumed that the nitrogen (N) in the coal particle is entirely released 

during the devolatilization process. In comparing the cases between Rejet = 20,000 and 

Rejet = 5,527, it is clear that the particles’ residence time is significantly higher for the 

Rejet = 5,527 case and thus it is speculated that for this case (i) a share of nitrogen 

bound in the coal is converted into fuel-NO by the volatile-N oxidation; and (ii) a share 

of the remaining nitrogen is converted into fuel-NO by the char-N oxidation reaction. 

Furthermore, higher in-furnace temperature for the case of Rejet = 5,527 contributes to 

generate relatively higher NO through the thermal-NO route, although this impact is 

believed to be minor under MILD combustion conditions [28, 32]. 
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Figure 14. Measured axial profiles of in-furnace NO dry molar fraction of cases 1-3 

 

4.9. CH
*
 chemiluminescence 

The CH
*
 chemiluminescence is a natural light emission by excited CH molecules 

from an upper/excited state of energy to a lower state of energy. Schefer [63] reported 

CH
*
 chemiluminescence as a simple but effective tool to describe ignition zone in the 

combustion reaction regions where CH
*
 is formed by one of the following reactions:   

C2 + OH   CO + CH
* 

C2H + O   CO + CH
* 

Delabroya et al. [64] used CH
*
 chemiluminescence to visualise the location and 

temporal evolution of an actively pulsed flame. Many other researchers [63-67] have 

shown that CH
*
 chemiluminescence can be used as a qualitative and/or quantitative 
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combustion diagnostic tool. In the current work, CH
*
 chemiluminescence is presented 

to better understand the effect of turbulence on volatiles’ reaction intensity by providing 

more qualitative information on the reaction zone during coal MILD combustion.  

The time-averaged CH
* 

emission was captured using a digital camera. The camera 

lens was positioned and focused at a right angle to the upward flow direction of the fuel 

jet, while a 430 nm centred interference filter was mounted to the camera lens. To 

capture the maximum signal intensity of CH
*
 chemiluminescence, a long exposure time 

(~ 2.5 seconds) was selected for the experiments. Figure 15 displays example of 

instantaneous CH
*
 chemiluminescence images for case 1 at the locations close to the 

bottom (Y = 80 mm), middle (Y = 500 mm), and top (Y = 995 mm) of the furnace. 

From Figure 9 it is clear that CH
*
 is below detection limits at the bottom of the furnace 

suggesting no ignition is initiated at this location, while at the middle of the furnace, a 

bright zone was highlighted with the largest intensity CH
*
 suggesting that the reaction 

of volatile matters with the surrounding co-flow occurs in this region. Low intensity 

CH
*
 chemiluminescence signals are observed at the top of the furnace. The low 

intensity CH
*
 signals indicate that most volatiles have burned and char particles 

combustion is taking place. Moreover, Figure 15 suggests that homogeneous chemical 

reactions of volatile matters ignition occur more rapidly than the heterogeneous 

combustion of char particles. This observation agrees with that Molina and Shaddix 

[65] for single particle bituminous pulverised coal ignition in an entrained-flow reactor.  

 

Figure 16 plots the corrected and normalised total CH
*
 signal in the averaged images 

(averaged from 27 instantaneous images of CH
*
 chemiluminescence), against the 

horizontal distance from the jet exit plane along the furnace centreline for cases 1-3. 

The standard deviation of the CH
*
 signal was found between   6.8% and   9.4% in the 
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bottom,   1.6% and   6.4% in the middle and   0.6% and   8.9% in the top of the 

furnace, for the different cases. Total CH
*
 signal here refers to radially integrated CH

*
 

across the whole width of the reaction zone which is exposed through the optical access 

of the furnace. For the same co-flow condition, the higher intensity of CH
*
 signal is 

measured for case 1 among all the cases. In addition, the peak of CH
*
 emission is found 

at the middle of the furnace for the same case. Both are the indication of strong CH
*
 

radical emissions from the lowest Reynolds number case and generally responsible for 

the visible flame produced by the non-premixed combustion of coal particles.  

 

The spatial gradient of total CH
*
 signal intensity is significantly lower for the higher 

jet Reynolds number cases. The weak CH
*
 chemiluminescence for the Rejet = 11,054 

and Rejet = 20,000 cases indicate the presence of an invisible flame and homogeneous 

reaction regime inside the furnace. Furthermore, no peak intensity of CH
*
 signal in the 

middle and top of the furnace is observed for the case of Rejet = 20,000, which suggests 

a more uniform temperature distribution with high level of turbulence.  
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Figure 15. Example of instantaneous CH
*
 

images of different locations of the 

furnace for the case of Rejet = 5527 with 

5.9% O2 of co-flow 

 

 

 

Figure 16. Normalised radially 

integrated total intensity of CH* signal 

as a function of horizontal distance from 

the jet exit plane (X) along the furnace 

centreline for cases 1-3 
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4.10. Exhaust emissions 

Figure 17 illustrates the comparison of measured concentrations of exhaust gases 

including; NO (measured value of NO2 was negligible in this experimental campaign), 

CO, O2, and CO2 for all three cases.  

 

The largest NO emission was measured for the Rejet = 5,527 case which is   147 

ppm, whilst for the case of Rejet = 11,054 the value is   118 ppm and for the highest 

Reynolds number (Rejet = 20,000) case the value is    106 ppm. The overall NO 

formation is impacted by the dilution of the flows with additional CO2 volume flow rate 

into the mixture for the higher jet Reynolds number. The additional CO2 volume flow 

rate of the mixture increases about 72% for the Rejet = 20,000 case when compared with 

Rejet = 5,527 case and consequently the overall NO emission decreased by 34% for the 

Rejet = 20,000 case. It is worth noting that for all the cases, the value of NO in the 

exhaust is lower than that measured in the furnace. This lower NO emission rate was 

attributed to the strong mixing of hot co-flow combustion products with coal volatiles 

or light hydrocarbons that allowed for NO reburning in the combustion zone. This 

phenomenon can be explained by the NO-reburning mechanism which depends 

primarily on the NO recombination with hydrocarbons according to reaction (     

               ) and therefore diminishes the overall NO emission. Moreover, 

the NO-reburning reaction is increased with increasing fuel jet Reynolds numbers, 

owing to the higher jet turbulence and better mixing. These results suggest that overall 

NOx emission of pulverised coal combustion can be successfully reduced by increasing 

the jet turbulence under MILD conditions.  
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The exhaust CO level was measured to be 2410~2500 ppmv for the Rejet = 5,527 

case while for the highest Reynolds number (Rejet = 20,000) case the CO level was 

1650~1780 ppmv. It is noticeable that the exhaust CO emission for the lowest Reynolds 

number (Rejet = 5,527) case is considerably higher than that of larger Reynolds number 

cases (Rejet = 11,054 and Rejet = 20,000), however the in-furnace CO concentration (see 

Figure 5) was found to be substantially lower for the lowest Reynolds number (Rejet = 

5,527). The reason of higher CO emission for the lowest Reynolds number case is most 

likely related to the more eminent char burnout by the heterogeneous reactions between 

char (C(s)) and gaseous products (C(s) + 1/2O2→CO, C(s) + CO2→2CO, C(s) + H2O 

→CO + H2) of the combustion reaction. It is believed that coal particles have a 

sufficient time to burn char for the Rejet = 5527 case due to the higher residence time. 

On the contrary, the residence time of the coal particles for the higher jet Reynolds 

number cases was distinctly insufficient when compared with Rejet = 5527 case.  

 

Similar values of oxygen concentration at the furnace outlet were measured for all 

cases. This confirms that the overall equivalence ratio was almost same for each case 

(refer Table 1). The concentration of CO2 emission was measured to be higher for the 

highest Reynolds number case which is related to the largest volume of incoming CO2 

concentration as a carrier gas.  
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Figure 17. Measured exhaust gas concentrations at the furnace exit of Loy-Yang brown coal 

MILD combustion for cases 1-3 

 

4.11. Overall Carbon Consumption 

Figure 18 shows the comparison of overall calculated carbon consumption for all 

cases. The overall carbon consumption (OCC) was calculated by a simple carbon 

balance between the inlet and outlet of the furnace following Schaffel et al. [27]. The 

initial carbon content (%) and coal ash (%) coming into the furnace can be found from 

the ultimate and proximate analysis of coal. The carbon content (%) in the furnace 

outlet can be directly obtained from the numerical simulations employing post-

processing approach. The overall carbon consumption (OCC) was calculated as: 
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The bar graph implies that almost all carbon content (around 95%) of inlet fuel was 

burnt for the case of Rejet = 5,027, whereas for the case of Rejet = 11,054 the value is 

calculated to be ≈ 83% and for the highest Reynolds number (Rejet = 20,000) case the 

carbon consumption value is around 71%. The carbon burning rate is significantly 

affected by the particle residence time. It is quite understandable that the particle 

residence time for the lowest Reynolds number case was significantly higher than the 

highest Reynolds number case. The comparatively short residence time is impacted on 

the lower rate of carbon consumption for case 3. 

 

Figure 18. Calculated overall carbon consumption for cases 1-3 

5. CONCLUSIONS 

This study was conducted to explore the effect of jet Reynolds number on the 

burning characteristics of pulverised Victorian brown coal in a vertical furnace 

operating under MILD combustion conditions. The coal is carried by CO2 and injected 

into the furnace via an insulated and cooled jet surrounded by a hot and diluted co-flow. 

The interaction of the volatiles with the vitiated co-flow and its impact on the formation 

and emission of soot, NOx and other pollutants have been investigated.  

The key findings of this study are as follows: 
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1. Stable MILD combustion was established for experimental cases 2 and 3. No visible 

flame was found at the jet exit for all Reynolds number cases. A faint, yellowish, 

visible flame was observed at the middle and top part of the furnace for the lower jet 

velocity (Rjet = 5,527) case, while no visible flame was found in the furnace for the 

other cases. The appearance of the flames for the lower jet velocity case is related to 

the longer particle residence time and poor mixing;  

 

2. Higher Reynolds number leads to the establishment of a recirculation zone leading an 

increase in the volatiles combustion rate and contributes to more uniform reaction 

zone;  

 

3. Increasing the jet Reynolds number increases the volatiles’ release rates. This 

predominantly depends on the better mixing, however it is independent of the 

particles’ residence time; 

 

4. The particle residence time significantly affects the overall carbon consumption rate. 

The comparatively longer residence time for lower jet velocity (Rjet = 5,527) case is 

accountable for higher rate of carbon consumption. 

 

5. The CH chemiluminescence (CH
*
) imaging indicates that the jet turbulence (jet 

Reynolds number) has a significant impact on the MILD combustion characteristics of 

pulverised Victorian brown coal. In particular, the CH
*
 signal intensity is found to be 

significantly lower at the top part of the furnace where heterogeneous combustion of 

char particles occur. Moreover, no peak intensity of CH
*
 signal in the middle and top 
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of the furnace is observed for the largest jet velocity case (i.e., Rjet = 20,000), which 

suggests the presence of a more uniform temperature distribution and homogeneous 

combustion reactions for higher level of turbulence; 

 

6. Minor differences associated with the carrier gas velocities on furnace temperatures 

and NOx formation, whilst a major difference is found regarding CO production;  

 

7. The temperature distribution inside the furnace is quite uniform with less than 100 K 

difference from top to bottom of the furnace for all cases; 

 

8. The largest amount of CO concentrations are measured for the highest jet velocity 

(Rjet = 20,000) case which implies that an increase of the turbulence level (i.e., at 

higher jet Reynolds number) leads to better mixing and hence better reaction of the 

volatiles that produces more CO; 

 

9. In general, higher NO is measured in the middle part of the furnace for the Rjet = 5,527 

case. This is attributed to the flame sheets observed in this part of the furnace, which 

is likely to exhibit higher local temperatures commonly associated with higher thermal 

NOx formation. Nevertheless, it is worth noting that very low NO emission (not more 

than 125 ppmv db at 3% O2) was measured at the furnace outlet for all of the 

investigated cases, providing strong evidence of the potential benefits of MILD 

combustion application to Victorian brown coal. 

 

10. The numerical model reproduced the experimental data well. However, the 

numerical simulation somewhat underestimates the CO and O2 formation. This 
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discrepancy between the simulations and measurements indicates that the simplified 

devolatilisation model, the reduction mechanism of the gaseous species, and the 

simplistic char combustion reactions, which play such an important role, are as yet 

incapable of replicating the experimental results completely. 
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Chapter 7   Summary, Conclusions and 

Recommendations 

 

7.1. Summary 

The results and discussions generated through experimental and computational 

investigations, as presented in Chapters 3, 4, 5, and 6, have revealed new knowledge 

and insights that helped to deepen our understanding of the burning characteristics of 

pulverised coals under the MILD combustion regime. This section provides a 

summary of these findings. 

7.1.1. Effect of Coal Rank and Carrier Gas 

Coal rank is one of the key parameters in pulverised coal combustion under MILD 

mode, due to its impact on the reaction zone structure and pollutant emissions. 

Although previous research has reported results from the combustion of differently 

ranked coals under MILD conditions, no study has been reported on Australian coal 

burning under these conditions, in particular low-volatile black coal and high-volatile 

brown coal. A detail description of the MILD combustion characteristics of high-

volatile Kingston brown coal and low-volatile Bowen basin black coal with particle 

sizes in the range of 38-180 μm in a self-recuperative furnace was presented in 
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Chapter 3. The experimental study investigated the effect of the carrier gas (either 

CO2 or N2), fuel rank (either low or high volatile coal) and the operating parameters 

on the characteristics of MILD combustion. The in-furnace gas concentrations and 

temperature, as well as pollutant emissions in the exhaust stream were discussed and 

analysed. No visible flame was found inside the furnace. The temperature difference 

across the furnace was less than 100 K with minimal fluctuation. The semi-uniform 

furnace temperature implies that a homogeneous temperature distribution is achieved 

in coal-MILD combustion using a simple burner design. A major difference was 

found between the two ranked coals in temperature and chemical species formation 

and pollutant emissions, while the variation of the carrier gas has a minor impact. 

The measured CO level for brown coal cases (≈ 5000 ppmv) was around ten times 

higher than that for black coal cases (≈ 530 ppmv). The higher CO emissions for 

brown coal are related to the more significant char burnout of brown coal, as was 

confirmed by the ash content analysis. The ash content analysis reveals that the 

unburnt carbon in the ash for the black coal (≈ 61%) is significantly higher than for 

brown coal (≈ 17%) which points to insufficient residence time in the furnace. The 

overall NO emission for brown coal (≈ 230 ppmv) was only 37% of that measured 

for black coal (≈ 366 ppmv) at a global equivalence ratio of  = 0.88. The reason 

behind the higher NO emissions for black coal combustion is not clearly understood 

from this study, however it is speculated that the high N contents of fuel (where the 

value of N contents in black coal is around 64% higher than that of brown coal) lead 

to higher NO emissions that are produced through the fuel-NO formation path.  
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A complementary numerical study was presented in order to shed light on the 

flow and thermal fields’ structure inside the furnace, along with the investigations of 

the effects of inlet air momentum on furnace flow dynamics and global CO 

emissions. In all cases, volatiles are released in the fuel jet and carried by a strong 

vortex induced by the air jets in a manner not dissimilar to gaseous MILD 

combustion in the self-recuperative furnace. The most significant impact of 

increasing the air jet momentum, either by raising the temperature or by raising the 

mass flow rate, is an increased air jet penetration distance. The modelling results 

reveal that increasing the air jet momentum broadens the reaction zone, but also 

lowers reaction rates and increases CO emissions. 

7.1.2. Suitability of Devolatilisation Models 

To understand the influence of devolatilisation models on the prediction accuracy 

of pulverised coal combustion under MILD mode, a comprehensive numerical study 

was conducted (the details were reported in Chapter 4). Three devolatilisation 

models were analysed, namely: a conventional single-rate model, a two competing-

rates model, and an advanced chemical percolation devolatilization (CPD) model, 

based on structural networks of the coal with a global kinetics mechanism. 

Moreover, a new simplified numerical model was developed for Australian black and 

brown coal and optimised for MILD combustion conditions. The modelling cases are 

validated with the experimental results of Australian brown and black coal MILD 

combustion in a self-recuperative furnace. From the comparison, the advanced CPD 

devolatilization model with a three-step global kinetic mechanism gives, as expected, 

the best agreement (e.g., within 3% of temperature, 7.8% of CO, 5.3% of NO, 2.5% 
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of CO2) with the experimental measurements for the brown coal case, while all the 

models tested provide similar results for the black coal case.  

The numerical investigation was also carried out to advance our understanding of 

NOx formation and destruction mechanisms of these combustion cases. The results 

reveal that the sum of contributions from the thermal-NO and prompt-NO routes 

account for less than 3.8% to the total NO emissions, whilst the fuel-NO route 

dominates the NO emissions with more than 96% of the total NO is produced 

through this route. It is also found that the total of the NO emissions is reduced by up 

to 47% in the case of brown coal case and up to 39% in the case of black coal, via the 

reburning mechanism.  

The effects of heterogeneous reactions on the char burnout rate for pulverised coal 

MILD combustion are also tested in this study. The calculated results reveal that only 

≈ 39% of the total carbon was consumed for black coal and the rest is not combusted, 

which points to incomplete char burnout of black coal combustion, while around 

≈ 90% of the total carbon was consumed in the case of brown coal combustion. The 

overall carbon consumption predictions are in very good agreement with the 

experimental values, i.e. 38.9% for black coal and 91.7% in the case of brown coal. 

However, this agreement may be coincidental because a simplified char reaction 

model alone was used in the present study.  

7.1.3. Effect of Turbulence 

An insulated jet of 19 mm diameter with a hot and diluted co-flow inside an 

enclosed and insulated vertical furnace, 1200 mm long with a cross-section of 
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260 × 260 mm
2
, were also used in this project. Such geometry helped to decouple the 

surrounding temperature and composition from the fuel jet conditions, and therefore 

facilitated a systematic study, varying parameters such as jet momentum and 

turbulence, particle size and carrier gas, and examining their effect on the 

devolatilisation and burning of pulverised coal. The furnace walls, as well as co-flow 

temperatures and local oxygen concentrations, are controlled by a secondary swirling 

burner, using non-premixed natural gas combustion. The coal is carried to the jet exit 

plane using CO2, which allowed the control of the gaseous flowrate at constant coal 

particle mass loading. 

In Chapter 5, the effect of turbulence on the volatiles’ release and reactions under 

vitiated co-flow conditions, as well as the impact on the pollutants’ formation and 

emissions, are presented for brown coal MILD combustion. Loy-Yang brown coal 

from the Latrobe Valley, Victoria, Australia, with particle sizes in the range of 53-

125 μm, was injected into the furnace, using CO2 as a carrier gas, through an 

insulated and water-cooled central jet. The bulk jet Reynolds number was varied 

from Rejet = 5,527 to Rejet = 20,000. The co-flow in the furnace was operated with an 

O2 concentration of 5.9% (db by volume).  

Stable MILD combustion was established for all experimental cases. However, a 

faint yellowish flame is observed at the middle and in the top part of the furnace in 

the case of lower jet velocity (Rjet = 5,527). The appearance of flames for the lower 

jet velocity case is related to longer particle residence time, low strain rate, and poor 

mixing.  
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CH chemiluminescence (CH
*
) imaging indicates that the jet turbulence (jet 

Reynolds number) has a significant impact on the MILD combustion characteristics 

of pulverised coal. In particular, the CH
*
 signal intensity is found to be significantly 

lower at the top part of the furnace, where heterogeneous combustion of char 

particles occurs. Moreover, no peak intensity of CH
*
 signal in the middle and top of 

the furnace is observed for the highest jet velocity case (i.e., Rjet = 20,000), which 

suggests the presence of a homogeneous combustion reactions for a higher level of 

turbulence. 

The largest CO concentrations are measured for the highest jet velocity (i.e., Rjet = 

20,000) case, which implies that with increasing turbulence there is a better mixing 

and a broad devolatilisation zone is formed which produces more CO. The measured 

NO emissions for any case was less than 125 ppmv (db at 3% O2), which provides 

evidence of the potential benefits of MILD combustion applications of Victorian 

brown coal towards reducing NO emissions.  

Complementary CFD modelling helped in shedding light on the flow field, 

turbulence intensity, volatiles’ release rate, combustion of volatile matters, and 

overall carbon consumption inside the furnace for the three cases. It was found that 

increasing the jet Reynolds number increases the volatiles’ release rates and 

decreases the rate of overall carbon consumption. This predominantly depends on 

better mixing of fuel jet stream with surrounding vitiated co-flow gases; however it is 

independent of the particles’ residence time. 
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7.1.4. Effect of Particle Size 

To probe the effect of particle size on the MILD combustion characteristics of 

pulverised brown coal, a combined experimental and numerical investigation has 

been conducted (details are reported in Chapter 6). The specific investigation focused 

on the devolatilisation and volatiles combustion from the different sized coal 

particles with a vitiated co-flow and its impact on the formation and emission of CO, 

CO2, and NOx. Highly volatile Victorian brown coal with particle sizes in the range 

of 53-125 μm and 250-355 μm is injected into the furnace using CO2 as a carrier gas. 

In addition, this work investigates the particle size impact on the NO 

formation/destruction, along with volatile combustion rates and heterogeneous 

reactions on char burnout.  

Stable MILD combustion is established with a similar large recirculation vortex 

around the centre of the furnace for both particle cases. Devolatilisation starts earlier 

for the smaller particles and is completed at the end of the recirculation vortex, while 

for the larger particles, the devolatilisation happened at positions downstream of the 

recirculation vortex. The difference is related to the particle dispersion within the jet 

and differences in Stokes number. The particle flow path and the difference in 

residence time had an influence on char burn-out and emission levels. The 

formation/destruction of NO is measured to be subtly varied by the combination of 

the physical and chemical nature of the MILD combustion characteristics related to 

both particle sizes. The measured NO emissions of the larger particles are 15% 

higher than that of the smaller particles. The model calculated about 95.5% of the 

total NO is produced via the fuel-NO route. A strong NO-reburning mechanism is 
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found in both cases, where ≈ 55% of total NO is reduced in the case of small 

particles and ≈ 39% of total NO is reduced in the case of large particles. 

7.2. Conclusions 

This thesis has deepened the understanding of MILD combustion of pulverised 

fuels through a set of numerical and experimental investigations using both a self-

recuperative laboratory-scale furnace and a vertical furnace with a vitiated co-flow 

arrangement. The key findings from these investigations are as follows: 

1. A semi-uniform temperature distribution inside a self-recuperative laboratory-

scale MILD combustion furnace was achieved with no visible flame for all 

experimental cases using low rank Kingston brown coal and high rank Bowen 

basin black coal, carried by either CO2 or N2 and without any external air 

preheating. Computed and measured temperature results indicate that a large 

recirculation zone, similar to gaseous fuel MILD combustion, is established 

halfway along the furnace, suggesting there is a rapid devolatilisation of the 

pulverised fuels in the self-recuperative furnace. 

 

2. No major difference was found regarding chemical species formation and 

pollutant emissions when varying the carrier gas; while the variations in the 

coal types changed the results significantly. It was found that for brown coal, 

the exhaust NO emissions dropped to 37% of that measured for black coal at a 

constant equivalence ratio of  = 0.88 and same heat input. 
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3. A high level of unburnt carbon (more than 50%) was found at the furnace 

outlet for the black coal combustion cases, which highlights the insufficient 

residence time of the black coal particles in the small recuperative furnace. 

The measured level of CO emissions from brown coal was around ten times 

higher than that for black coal cases. The higher CO emissions are related to 

the more substantial char burnout of brown coal, which is confirmed by the 

carbon content analysis of the ash. 

 

4. The numerical investigation of coal MILD combustion using a parallel jet 

self-recuperative MILD combustion furnace is conducted to probe the impact 

of devolatilisation models on the prediction accuracy of pulverised coal 

combustion. In addition, the study analysed the effect of increasing the air jet 

momentum on furnace dynamics and global emissions for the present furnace. 

The study also advances the understanding of NOx formation and destruction 

mechanisms, flow-field characteristics, and the effect of heterogeneous 

reactions on char burnout. The results reveal that the CPD devolatilisation 

model better replicates the temperature and species concentrations, in 

comparison with the simplified models tested in this study, for brown coal. 

Meanwhile, the single-rate, two-competing rates, and the CPD model show 

similar accuracy in reproducing the experimental data for black coal. It is 

worth noting that all the models fail to predict the rate of devolatilisation and 

reaction close to the jet exit.  
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5. The modelling results indicate that the NO emissions are predominantly 

formed by the fuel-NO path, whereas the sum of the contribution of the total 

NO emissions from the thermal-NO and prompt-NO is less than 3.8% for any 

of the cases. Moreover, a strong NO reburning reaction exists inside the 

furnace, which leads to relatively low NO emissions in the exhaust. It is also 

found that the total NO emission are reduced by up to 47% for brown coal and 

up to 39% for black coal, via the reburning mechanism.  

 

6. In all the modelling cases, volatiles are released from the fuel jet and carried 

by a strong vortex induced by the air jets in a manner not dissimilar to gaseous 

MILD combustion in this furnace. The most significant impact of increasing 

the air jet momentum, either by raising the temperature or by raising the mass 

flow rate, is an increased air jet penetration distance. This facilitates the 

reaction of the volatiles with vitiated mixtures and leads to volumetric reaction 

zones. 

 

7. The effect of turbulence on the volatiles’ release and the interaction of the 

volatiles with the vitiated co-flow and its impact on the formation and 

emission of soot, NOx and other pollutants of pulverised brown coal have been 

investigated using a vertical MILD combustion furnace. Stable MILD 

combustion was established for all experimental cases with no visible flame. 

Increasing the jet Reynolds number increases the volatiles’ release rates and 

leads to the establishment of a recirculation zone that contributes to the 

establishment of the volumetric reaction zone. This mostly depends on the 
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better level of mixing, however it is independent of the particles’ residence 

time. 

 

8. The particles’ residence time significantly affects the overall carbon 

consumption rate. The comparatively longer residence time for the lower jet 

velocity (Rjet = 5,527) case is accountable for a higher rate of carbon 

consumption. 

 

9. Minor differences associated with the carrier gas velocities are found on 

furnace temperatures and NOx formation, whilst a major difference is found 

regarding CO production. It is worth noting that low NO emissions (not more 

than 125 ppmv db at 3% O2) were measured at the furnace outlet for all of the 

investigated cases, providing strong evidence of the potential benefits of 

MILD combustion applications in terms of Victorian brown coal. 

 

10. The impact of particle size on the MILD combustion characteristics of 

pulverised brown coal was investigated through a combined experimental and 

numerical investigation. No visible flame is found in the furnace for any 

particle sizes. However, higher luminosity and interior furnace radiation are 

observed for the small particles, rather than the large particles. The small 

particles’ case produces a higher furnace temperature than the large particle 

case. The high temperature production is influenced by more intense volatile 

combustion of the smaller particles. More importantly, the increasing Stokes 
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number of the larger particles has a negative impact on any mixing with the 

hot vitiated co-flow, as well as on the volatile release rate and reactions and 

consequently decreases the combustion temperature. 

 

11. The NO formation rate is measured to be considerably higher for smaller 

particles than for bigger particles. The small size particles release volatiles 

earlier and combustion is also initiated early. As a consequence, the NO 

production is high. On the other hand, the large particles take a longer time to 

dissociate for volatile evolution and volatile combustion takes a longer 

combustion time to initiate. While the CO emission for the large particles is 

substantially, around 52%, lower than for the small particles. This indicates 

that the volatiles’ release rate is significantly lower for the large particles in 

comparison with the small particles.  

 

12. The numerical models predict similar flow path-lines in the furnace for both 

small and large particles. The flow pattern inside the furnace is dominated by 

the carrier gas injection velocity rather than the coal particle size. The smaller 

particles are circulated and mixed with the hot vitiated co-flow following the 

flow pattern, while the larger particles did not follow the flow path-line. The 

modelling results reveal that NO formation through the fuel-NO route is 

significantly higher for the small particles than the large particles. However, it 

is calculated that for the small particles’ case a reduction of ≈55% in the total 

NO while for the large particles’ case a decrease of ≈39% in the total NO 
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through the NO-reburning mechanism. As a consequence, the overall NO 

emission is measured as being higher at the furnace exit for the large particles. 

7.3. Recommendations for Future Work 

The present research demonstrates significant progress towards a fundamental 

understanding of MILD combustion of solid fuels. As always, some issues remain 

and either warrant future investigation or further improvement. The following 

recommendations are made to advance this field beyond this thesis: 

1. To apply advanced non-intrusive laser based techniques for simultaneous 

imaging of temperature and key species (viz. formaldehyde (CH2O) and 

hydroxyl radical (OH)) for investigating the impact of turbulence, surrounding 

composition and temperature on the interaction of volatiles released from 

pulverised solid fuels. Those data will provide valuable information on the 

structure of the reaction zone under MILD combustion conditions. In 

particular, the temporally and spatially resolved data will lead to 

breakthroughs in model development and validation and accelerate the 

adoption of new technology. Worth noting is that the newly designed and built 

vertical MILD combustion furnace has optical access to allow for laser 

diagnostic techniques.  

 

2. Collecting and analysing ash from the furnace exit for different experimental 

conditions will help to understand either unburnt char contents or the carbon 

consumption of the MILD combustion of pulverised fuel. In addition, that 
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information will improve the data base for the validation of CFD simulation 

results. 

 

3. Extending this work to biomass fuels under MILD combustion conditions will 

also be desirable. It will be worthwhile to utilise different types of biomass 

fuels, in particular, grape marc and almond husk, as both are readily available 

in Australia and currently used as a waste material for landfill. 

 

4. It would be interesting to conduct a further study with a combination of MILD 

combustion technology and oxy-fuel combustion technology for pulverised 

solid fuels. In particular, a comprehensive study is required to predict 

optimum CO2/O2 ratios for high volatile coal combustion, in order to establish 

stable MILD-oxy combustion. 

 

5. The improvement of CFD modelling is required to better replicate the 

experimental data for pulverised fuel combustion under MILD mode. In 

particular, further study is recommended with more elaborated char reaction 

models, considering the complex deactivation mechanisms during char 

combustion in order to highlight the effect of heterogeneous reactions on char 

oxidation.  
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