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Abstract

The combustion of solid fuels is a complex multi-phase, multi-scale and multi-component pro-
cess. While oxy-fuel combustion is under development and given the promising future of
biomass in energy generation, further research on oxy-fuel coal and biomass combustion is
demanded. In particular, the combustion characteristics of coal and biomass in oxygenated en-
vironments need to be better understood. To respond to these needs, transient combustion of a
single coal and biomass particle in a drop-tube furnace is investigated numerically. The burning
process takes place in preheated O2/N2 and O2/CO2 atmospheres with varying concentration
of oxygen and under either quiescent or active flows. The oxygen concentration varies from
20% to 100% in both nitrogen and carbon dioxide background environments. The simulations
are rigorously validated against the existing experimental data by matching the particle ignition
delay time, particle life time and particle temperature.

The unsteady temperature and species concentration fields are calculated in the course of tran-
sient burning process and the subsequent diffusion of the combustion products into the surround-
ing gases. The spatio-temporal evolutions of the temperature, major chemical species including
CO, CO2, O2, H2 and H2O are obtained. It is shown that the homogenous combustion of the
products of devolatilisation process dominates the temperature and chemical species fields at low
concentrations of oxygen, and the rates of production and transport of chemical species reach
their maximum level during the homogenous combustion of volatiles and decay subsequently.
Yet, by oxygen enriching of the atmosphere the post-ignition heterogeneous reactions become
increasingly more influential. However, the transient transfer of heat of combustion continues
for a relatively long time after the termination of particle life time. It should be noted that, the
results show that the combustion behaviours are different under CO2 background gas compared
with N2 environments. Whether the volatiles and char burn simultaneously is distinguished in
these two different gas atmospheres.

Through using the validated numerical combustion model, analysis of NOx and SOx emissions
is conducted by investigating the overall NOx and SOx PPM emissions rate and formation pro-
cess of nitrogen and sulphur pollutant species. It is shown that CO2 has a significant inhibitory
effect on NOx formation, while it promotes SO2 emissions generally. The overall NO and SO2
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PPM decrease in oxygenated conditions in both O2/N2 and O2/CO2 atmospheres. The emis-
sion rate of NO and SO2 decreases when increasing oxygen concentration under both types of
gas atmospheres. Further, oxygen concentration has a greater influence on the formation of NOx

in O2/CO2 gas conditions. Also, SOx pollutants are sensitive to oxygen concentration in both
O2/N2 and O2/CO2 environments.

Further, the numerical results are post processed to reveal the temporal rates of unsteady en-
tropy generation by transport of heat and chemical species and through chemical reactions in
the transient oxy-combustion of single coal and biomass particles combustion system. Analysis
of the total entropy generation shows that the chemical entropy is the most significant source
of irreversibility and is generated chiefly by the ignition of volatiles. However, thermal entropy
continues to be produced well after termination of the particle life time through diffusion of
the hot gases into the surrounding environment. Mass transfer irreversibility is found to have a
negligibly small contribution. Most importantly, it is demonstrated that a slight oxygenation of
the atmosphere results in major increases in the total chemical entropy generation and thus in
the global irreversibility of the process. Nevertheless, upon exceeding a certain mole fraction
of oxygen in the atmosphere, further addition of oxygen only causes minor increases in entropy
generation. This trend is observed consistently in both quiescent and active flow cases.

In addition, an experimental work about the smouldering combustion of biomass packed bed
under different ignition temperatures and air mass flow conditions is conducted. The instabil-
ities and the speed of the smouldering combustion front, and the combustion temperature and
heating rate during the smouldering combustion process are investigated in detail. The results
show that, the smouldering reaction front keeps flat at lower ignition temperatures and slower
air mass flow rate conditions, and the instabilities appear when the ignition temperature and air
mass flow rate exceed a certain value. Increases in ignition temperature and air mass flow rate
both lead to the increases in the reaction front speed, smouldering combustion temperature and
heating rate. Moreover, the results indicate that the ignition temperature has a greater influence
on the smouldering combustion of biomass packed bed than air mass flow rate.
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Chapter 1

Introduction

1.1 Background

Global primary energy consumption has been constantly increasing in recent decades and nearly
doubles since 1970, yet the ways that energy is generated have not changed much [1]. Fossil fu-
els such as coal, oil and natural gas are the main supplier of the world’s energy as fossil fuels are
cheap, efficient and reliable sources of energy. Currently, over 80% of energy across the world
is supplied by fossil fuels and it is considered to maintain this dominance in the foreseeable fu-
ture [2]. Data revealed in British Petroleum (BP) report (Figure 1.1) provides a comprehensive
view of the proportion of different fuels in the world’s primary energy consumption. It clearly
indicates that coal is still a major source of energy.

Figure 1.1: World primary energy consumption [1].

Based on its wide distribution in all continents, coal has last for a long time, which can be up to
115 years and longer than the conventional oil and gas reserves. Coal has been the biggest con-
tributor to power generation in the past few decades [1]. Moreover, coal is expected to continue
to account for a big factor in power generation due to the development of mining technologies.

1
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Currently, the proven coal reserves reach 1035012 million tonnes [1], which has increased by
5.3% since 2007. Meanwhile, with increasing in both global consumption and production, the
coal market had a mini-revival [1]. Global coal consumption raised by 1% with nearly 5% of
that being in India. It is reported that the annual world production of coal in 2017 increased
significantly by 3.2% including markable increases in both Chinese (3.5%) and United State
(6.9%) [1]. All these indicate that coal still has broad application prospects and hence deserves
paying attention to.

Figure 1.2: Global carbon emissions from fossil fuels (1900-2014) [3].

Unfortunately, the heavy use of fossil fuel has resulted in an alarming increase in greenhouse
gas emissions, which has been a matter of serious concerns recently [4]. At present, fossil fuel
combustion for heat and electricity generation, public, domestic and transport sectors, and in-
dustrial application produces about 78% of CO2 emissions [5]. Figure 1.2 shows the changing
trend of CO2 emissions from fossil fuel since 1900. Climate Change Report of Intergovernmen-
tal Panel on Climate Change (IPCC) [5] states that the increase in growth rate of atmospheric
concentration of CO2 is about 2ppm/year observed over the last 60 years in line with increasing
global energy consumption, which is the evidence showing that the increase in atmospheric CO2

is the primary contributor with the global warming.

It is clear that efforts must be made to reduce CO2 emissions to avoid or minimise the adverse
influences of climate change. As electricity and heat production which has a great consump-
tion of fossil fuels account for the largest proportion in global CO2 emissions, the elimination of
CO2 emissions from this sector is of primary importance. Approaches for cutting CO2 emissions
from energy related fields can be summarized below [5].

• Increasing use of sustainable biomass from forestry and agricultural waste instead of fossil
fuel.

• Improving the efficiency of the power generation process and the transmission system.
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• Widening the application of renewable energy technologies for power generation such as
wind energy, solar energy.

• Improving the energy efficiency to reduce the demand of electricity and heat generation.

• Developing technologies for carbon capture and storage (CCS).

Referring to a global renewable energy report for 2040 published by the European Renewable
Energy Council (EREC) [6], the renewable energy aims at accounting for 23.6% of the world’s
energy field till 2020 and 47.7% till 2040. Among all the sources of renewable energy, biomass
is regarded to be a very promising one for electricity generation and transportation biofuels in
the future. The biomass usage is anticipated to have a continuous increasing in the following
decades [6] (Fig. 1.3).

Figure 1.3: Renewable energy sources till 2040 [6].

The term "biomass" is associated with a broad range of fuels. The National Energy Foundation
(NEF) classifies biomass into four categories [7]: Woodfuels, Energy crops, Agricultural waste
and Municipal and industrial waste. The sources include naturally grown forests, energy plan-
tations, herbaceous plants, by products from different industries such as food, wood processing,
manures, and paper industries or municipal solid waste [8]. Biomass is regarded as an renewable
energy because of absorbing CO2 through photosynthesis during its growth process.

Different from other renewable sources, biomass especially agricultural waste and woodfuels
is quite common and widespread across the world. Electricity generated by biomass is consid-
ered to be a key role in providing secure and clean electricity to 2020 and beyond in UK [9].
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The use of biomass fuel for sustainable and environmentally friendly fuel goes beyond energy
provision. Biomass is an important renewable energy that can be chosen at present. The increase
in generation from biomass has been driven by the need to replace unabated coal combustion
with a reliable, renewable, sustainable technology. Biomass although a renewable fuel still has
carbon emissions associated with cultivation, fuel processing, transport, any direct (and indirect)
land use changes and the reduction in conversion efficiency of the plant.

Carbon capture and storage (CCS) has been identified as a potential emissions reduction tech-
nology. CCS is the process of capturing CO2 emissions from large scale emitters such as power
generation, oil, cement, chemical or steel production, transporting it via pipelines or ships and
storing it to prevent emissions to atmosphere. The CCS technology includes three steps: cap-
ture, transport and storage with many different individual technology options available in each
step. There are three leading technologies for carbon capture, known as pre-combustion capture,
post-combustion capture and oxy-fuel combustion technology.

• Pre-combustion capture: Pre-combustion capture aims at removing CO2 prior to com-
bustion by converting fossil fuels into synthesis gas which mainly includes a mixture of
hydrogen, carbon monoxide, carbon dioxide. It is typically applied synonymously with
Integrated Gasification Combined Cycle (IGCC). Low electric efficiency in the carbon
capture process is a major obstacle against this technology [10].

• Post-combustion capture: Post-combustion capture means separating and capturing car-
bon dioxide from the flue gas of conventional coal or biomass fired power stations. Sepa-
rating carbon dioxide from the flue gas including large amounts of nitrogen is the biggest
challenge faced by the post-combustion capture technology [11].

• Oxy-fuel combustion: Oxy-fuel combustion refers to the combustion of pulverised fuel
including coal and biomass in oxygen rich gas atmosphere instead of air [12]. By ap-
plying this, a CO2 rich flue gas is generated which requires minimal treatment to purify.
Therefore, oxy-fuel combustion technology is one of the main methods being considered
for carbon capture from large coal and biomass fired power stations [13].

Here, we focus on introducing pulverised fuel combustion in oxy-fuel technology in CO2 cap-
ture application. This technology is achieved by removing nitrogen contents from air to the
combustion system through air separation in advance and generates flue gas with high concen-
tration of CO2 which is easy for carbon dioxide capture. The flue gases are then recycled back
into the furnace to maintain the gas and temperature required for the combustion [14]. The
recent studies of oxy-fuel combustion prove that it is effective for CO2 emissions reduction in
laboratory [15] [16]. In addition, research about varying oxygen concentration gas conditions
are being conducting [17] [18].
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Apart from CO2 emissions, pollutants including soot, nitrogen oxides (NOx) and sulphur ox-
ides (SOx) from fossil fuel combustion are a serious concern as well. Their severe effects on
corrosion of combustion equipment, photochemical smog and acid rain cannot be neglected [19].

Nitrogen oxides, including nitric oxide (NO), nitrogen dioxide (NO2), nitrous oxide (N2O), is
one of the most important pollutants generated during the combustion of solid fuels. Thermal-
NOx, prompt-NOx and fuel-NOx are considered to be the main mechanisms of NOx emissions
formation during solid fuels combustion [20].

• Thermal-NOx is formed through the oxidation of the molecular nitrogen in gas flow under
high temperature conditions. Therefore, it is highly temperature-dependent [21].

• Prompt-NOx refers to the NOx formed from molecular nitrogen and hydrocarbon frag-
ments resulting from the devolatilization process near the reaction zone of flame [22].
Prompt-NOx accounts for less than 5% of the total NOx emissions, and is normally ig-
nored in the combustion of solid fuels [23].

• Fuel-NOx is the NOx generated from fuel containing nitrogen. It is the main source of
NOx emissions in the combustion of solid fuels [24].

The SOx emissions are generated because of the oxidation of fuel containing sulfur, which is ox-
idized to SO2 and SO3 during the combustion process of solid fuels. Sulfuric acid will be formed
when the gaseous SOx condenses on the particles and then attaches water. SOx emissions are the
major cause of acid rain , and also lead to the corrosion of combustion equipment. It is shown
that over half of total SOx emissions are produced from coal and biomass fired boilers [25].

In conclusion, the rising worldwide awareness about environmental constraints has led to leg-
islative actions in most industrialised countries [26]. It calls for developing new combustion
technologies for clean conversion of conventional and renewable fuels to heat. To address these
issues, biomass and oxy-fuel combustion technology are regarded as a promising renewable en-
ergy source and a effective technology to reduce CO2 emission. However, due to the variation of
gas contents and oxygen concentration in the furnace gas environment, the combustion process
of pulverised fuel is greatly influenced by oxy-fuel conditions, and the related processes such as
heat and mass transfer is affected as well. Therefore, the fundamental investigation about single
coal and biomass particle under varying oxy-fuel conditions is desirable.

1.2 Aims and objectives of the work

The overall objectives of this thesis are two-fold. First, it aims to provide further understanding
on what happens to single coal or biomass particle during the combustion process with varying
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oxygen concentrations, especially under carbon dioxide background gas environment. The evo-
lutions of temperature, major chemical species, formation of pollutants and entropy generation
during the transient combustion process should be investigated in detail. Second, smouldering
combustion of biomass is investigated with the aim of obtaining an insight into the behaviour of
the reactive front. In particular, the influences of the operating parameters upon the front speed
are examined carefully. The specific objectives of this work are as follows.

• To develop a numerical combustion model including both homogeneous and heteroge-
neous reactions occurring in coal and biomass combustion based on the existing experi-
mental data.

• To compare the numerical results of the computational modelling with the existing exper-
imental data to validate the combustion model.

• To analyse the spatio-temporal evolution trends in temperature, species and pollutants
to evaluate the parameters that dominate the combustion behaviour under different gas
conditions.

• To evaluate the spatio-temporal evolutions and the overall irreversibilities associated with
combustion of biomass and coal particles in different atmospheres.

• To conduct experimental work to investigate the propagation of reaction fronts and insta-
bilities during biomass smouldering combustion.

1.3 Contributions of the thesis

As oxy-fuel combustion technology of pulverised coal and biomass is very much under devel-
opment, particularly in the high oxygen concentration (over 50%) conditions, the numerical
simulations of single coal and biomass particle combustion with oxygen concentration varying
from 20% to 100% under quiescent or active low conditions are conducted. Due to the measure-
ment limitations of single particle combustion in experiments, the numerical simulations are
conducted to investigate the transfer of heat and mass and thermodynamic characteristics during
single particle combustion under various gaseous atmospheres. The unsteady temperature and
species concentration fields during the single particle combustion process are revealed.

The present studies show that there are conflicting results about the effects of CO2 atmosphere
and oxygen concentration on NOx and SOx emissions. Some studies indicate that the combus-
tion media do not affect the formation of pollutant emissions, while some other studies report
the differences in O2/N2 and O2/CO2 conditions. As a result, more investigation on NOx and
SOx emissions under different gas conditions are necessary before establishing solid conclu-
sions. This study supports that more NOx is emitted in O2/N2 atmospheres than in O2/CO2
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due to the strong formation of thermal NOx. However, there are less SO2 emissions produced
in nitrogen containing atmosphere compared to those in carbon dioxide containing atmospheres.

Entropy is defined as a measurement of the amount of energy which is unavailable to do work
and of the disorder of a system. It is, therefore, an essential thermodynamic property in the
irreversible processes such as combustion. Entropy generation in an irreversible process leads
to process efficiency. Although capturing of carbon dioxide from coal fired power stations sub-
stantially reduces their greenhouse gas emissions, it adversely affects their thermal efficiency
and the influences of oxy-coal combustion upon destruction of exergy are still largely unknown.
This work presents the entropy generation due to heat and mass transfer and chemical reactions
during the single coal and biomass particle combustion process. It is the first study on unsteady
entropy generation in oxy-fuel combustion of a single solid particle.

In addition to the direct and fast combustion applied in power stations, smouldering combus-
tion is another kind of combustion phenomenon that can not be neglected in the field of biomass
combustion. Smouldering combustion is quite complicated and difficult to understand as it in-
cludes both homogeneous and heterogeneous reactions taking place in a porous fuel beds. The
experiments conducted in this work presents the influence of ignition temperature and air flow
rate on the smouldering combustion characteristics and front propagation properties.

1.4 Published work

1.4.1 Journal publications

• L. Wang, N. Karimi*, M.C. Paul, T. Sutardi. Numerical modelling about combustion char-

acteristics and pollutant emissions from a single biomass particle in oxy-fuel combustion.
Energy & Fuels. 2019, 33(2): 1556-1569.

• L. Wang, N. Karimi*, T. Sutardi, M.C. Paul. Numerical modelling of unsteady entropy

generation in oxy-combustion of single coal particles with varying flow velocities and

oxygen concentrations. Applied Thermal Engineering. 2018, 144: 147-164.

• T. Sutardi, L. Wang, M.C. Paul*, N. Karimi. Numerical Simulation Approaches for Mod-

elling a Single Coal Particle Combustion and Gasification. Engineering Letters. 2018,
26(2): 257-266.

• L. Wang, N. Karimi*, M.C. Paul. Gas-phase transport and entropy generation during

transient combustion of single biomass particle in varying oxygen and nitrogen atmo-

spheres. International Journal of Hydrogen Energy. 2018, 43(17): 8506-8523.
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• L. Govone, M. Torabi, L. Wang, N. Karimi*. Effects of nanofluid and radiative heat

transfer on the double diffusive forced convection in microreactors. Journal of Thermal
Analysis and Calorimetry. doi:10.1007/s10973-018-7027-z.

1.4.2 Conference presentations

• L. Wang*, N. Karimi, M.C. Paul. Numerical study of single coal particle combustion in

O2/N2 and O2/CO2 atmospheres. 12th International Conference on Heat TransferâĂİ,
Fluid Mechanics and Thermodynamics, Costa del Sol, Spain, 2016.

• L. Wang*, N. Karimi, M.C. Paul. NO Emission from a single coal particle combustion in

O2/N2 and O2/CO2 atmospheres. 5th UK-Japan Engineering Education League Work-
shop, Glasgow, UK, 2017. (Poster Presentation)

• L. Wang*, N. Karimi, M.C. Paul. Numerical modelling of single coal particle combustion

in different gas atmospheres. 29th Scottish Fluid Mechanics Meeting, Edinburgh, UK,
2016. (Poster Presentation)

• L. Wang*, N. Karimi, M.C. Paul. Numerical simulation of coal combustion using Euler-

Lagrange Model. IOP Combustion Physics Group One-day meeting on Current Research
in Combustion, Loughborough, UK, 2015. (Poster Presentation)

1.5 Thesis structure

This thesis has been constructed as follows.

• Chapter 1: An introduction to the world’s energy situation, renewable biomass, carbon
capture and storage (CCS) technology and pollutant emissions during coal and biomass
combustion is presented.

• Chapter 2: A comprehensive review of coal and biomass combustion, entropy generation
and NOx and SOx emissions during the combustion process and smouldering combustion
is given.

• Chapter 3: Theoretical and numerical methodologies used for simulations of single par-
ticle combusiton and post-processing, and experimental methods of biomass packed bed
smouldering combustion are introduced.

• Chapter 4: Eular-Lagrange simulations of single coal and biomass particles combustion
are conducted using conmercial software ANSYS Fluent. The numerical results are com-
pared with the existing experimental data to validate the model. Details of combustion
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process including particle mass loss and evolutions of gas-phase temperature and major
gaseous species are investigated through the numerical simulations.

• Chapter 5: NOx and SOx emission predictions during single biomass combustion under
both O2/N2 and O2/CO2 gas atmospheres with oxygen concentration changing from 20%
to 100% are conducted. The overall NOx and SOx PPM and their emission rates are used to
compare the emission performance of biomass particle in different gaseous atmospheres.

• Chapter 6: Based on the validated numerical combustion model, a post-processing of gas-
phase entropy generation is conducted. The gas-phase entropy caused by heat transfer,
mass transfer and chemical reactions during combustion process under varying oxygen
concentration conditions in O2/CO2 environment is calculated. The irreversibilities dur-
ing a single coal and biomass transient combustion process is further examined.

• Chapter 7: An experimental study on smouldering combustion of biomass packed bed
is presented. Different ignition temperatures and air flow rates are used to investigate
the characteristics of smouldering combustion of two kinds of biomass fuel. Pattern and
speed of the smouldering front, smouldering temperature and heating rate under different
conditions are investigated to analyse the combustion and propagation characteristics of
biomass packed bed smouldering combustion.

• Chapter 8: The conclusion and summary of each chapter are presented together here.
Some recommendations for future work are put forward.

The thesis structure is represented by flow chart shown in Fig. 1.4.
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Figure 1.4: Flow chart of thesis structure.



Chapter 2

Literature review

In this chapter, a general review of the combustion of coal and biomass is given. First, an
overview of coal and biomass particles direct combustion under varying is to be presented.
Then, the NOx and SOx emissions during the combustion process is reviewed. An overview on
the entropy generation in the combustion system is given after that. Finally, the smouldering
combustion phenomena, especially the instabilities of the reaction front is discussed.

2.1 Coal and biomass combustion

Pulverised combustion is perhaps the most common technology for utilising biomass and coal
energy, which is still and, most probably, will continue to be amongst the main resources for
power and heat generation [27]. The compositions and molecular structures found in the car-
bonaceous fuel such as coal and biomass are very complex. The main chemical elements of
coal and biomass is carbon (C), hydrogen (H), oxygen (O), nitrogen (N), sulphur (S) and some
additional varying quantities constituents like sodium (Na), chlorine (Cl) etc. The combustion
characteristics of solid fuels are greatly affected by the variation of shares of the above men-
tioned elements in the solid fuels.

Direct combustion of solid fuels is a conversion process where heat is generated. There are
several major chemical and physical phenomena occurring during this combustion process [28]
(Fig. 2.1). Generally, the principal combustion process involves three stages: (1) devolatilization
stage the volatiles released from the solid fuels, (2) homogeneous stage the combustion of the
released volatiles and (3) char oxidation the burning of the solid carbon [29]. It can be seen that
the solid fuels combustion is a multi-phase, multi-scale and multi-components process which is
quite complicated. Studies about solid fuel particles combustion have been done and the results
show that the process is dependent on the fuel type, the particle size, the particle size distribu-
tion, the operating pressure and temperature, the gaseous environment etc. [30].

11
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Figure 2.1: Various chemical and physical mechanisms during solid fules combustion [28]

Recently, oxy-fuel combustion is developed to be a well-demonstrated technology capable of
facilitating carbon capture and storage which aims at reducing [31]. However, capturing of car-
bon dioxide from coal and biomass fired power stations substantially reduces the high level of
CO2 emission from their conventional combustion, but the combustion process of pulverised fu-
els and the thermal efficiency is greatly influenced by oxy-fuel combustion due to the variation
of gas contents and oxygen concentration in the reactor [32]. High complexity of pulverised and
fluidised bed coal combustion has led to an interest in analysing transient combustion of single
coal particles [33]. Such studies allow for the development of fundamental understanding of the
underlying physicochemical processes in single coal or biomass particle combustion.

Bu et al. [34] examined ignition behaviour of single bituminous coal particle under O2/N2 and
O2/CO2 atmosphere with O2 concentration up to 40%. They found that, compared with O2/N2

environments the ignition delay time is much longer than in O2/CO2 atmosphere, and the effect
of atmosphere on the devolatilization process is almost negligible under the same O2 concentra-
tion. They also concluded that the devolatilization process of a fuel particle is mostly controlled
by the thermal properties such as thermal capacity, thermal conductivity and the convective heat
transfer coefficient rather than N2 or CO2 atmospheres at the same oxygen concentration [35].
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Further, the experimental study of single char particle under oxy-fuel combustion conditions [36]
revealed that it takes longer time for the particle to reach the peak temperature under O2/CO2

gas atmospheres. The apparent average combustion rate of the particle drops when replacing N2

by CO2, and the effect is more notable in higher oxygen concentration environment [36].

Khatami et al. [37] [38]conducted experiments to investigate the combustion behaviour of sin-
gle coal and biomass particles under oxy-fuel conditions. They found that the ignition delay of
coal particles was drastically prolonged in the slow-heating O2/CO2 environments compared
with fast-heating ones [37]. When replacing the background gas N2 by CO2, the combustion
intensity of all fuels was distinctly decreased and increasing the oxygen concentrations under
O2/CO2 increased the likelihood of particle combustion [38].

Experiments with single char particle combustion from lignite and bituminous coals in a labora-
tory scale fixed bed reactor under various O2/N2 and O2/CO2 gas conditions were conducted by
Brix et al. [39]. They found that for the two kinds of char particles, the particle surface temper-
ature are higher in O2/N2 than in O2/CO2 environments, and it increases along with enhancing
oxygen concentration [39]. Yet, there is no clear link between the particle surface temperature
and the particle mass for both of the investigated fuels [39].

Zhou et al. [40] studied the ignition properties and combustion characteristics of single coal
particle under O2/N2 gas conditions with various coflow temperature, gas flow rate and oxygen
concentration. The results showed that, the particle temperature increases along with the coflow
temperature or gas flow rate increasing. Further, enhancing oxygen concentration shortens the
particle ignition delay time and decreases the ignition temperature, and the influence is more
obvious under high gas flow rate.

Riaza et al. [41] investigated the combustion characteristics of four kinds of biomass particles
in both air and oxy-fuel conditions. The results showed that, for a single particle, the volatile
combustion and char combustion happen sequentially for all the four types of biomass. Un-
der the same oxygen concentration (21%), the burnout times of the volatile and char are longer
when changing the background gas from N2 to CO2, while the combustion temperatures and
combustion intensity are reduced. When increasing the oxygen concentration up to 21% under
CO2 atmospheres, the time of volatile and char combustion decreases successively and the com-
bustion temperature raised.

Tolvanen et al. [42] studied experimentally and numerically the combustion behaviour of two
coal chars under both O2/N2 and O2/CO2 environments with oxygen molar concentration vary-
ing from 2% to 12%. The experimental results showed that, when substituting CO2 for N2, the
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surface temperature and mass loss rate of char particles becomes lower, and the effect is more
obvious on particle surface temperature. Timothy et al. [43] observed the entire combustion pro-
cess of single coal particles. They got the data of devolatilization durations and overall burnout
times of bituminous and lignite coals with particle size in 90-105 µm. They found that the aver-
age particle surface temperatures of the lignite coal (2000K) is lower than that of the bituminous
coal (2300K).

Lee et al. [44] observed the motion of pulverized coal particles during the transient combus-
tion process in a hot gas flow field. They found that, the vertical velocity of the coal particles
increased faster while the horizontal velocity dropped more quickly at higher oxygen concentra-
tions. Further, all the chemical processes such as devolatilization and the combustion of volatile
and char are greatly affected by the oxygen concentration. Moreover, they concluded that, the
shape of volatile flames is influenced by the oxygen concentration as well. It is more spherical
under higher mole fraction of oxygen than lower mole fraction of oxygen [45].

Shen et al. [46] found that the particle burnout properties of superfine pulverized coal is de-
pendent on the operating conditions in multi staged combustion ratio. Joutsenoja et al. [47]
reported 2280-2300K as the average particle temperatures of lignite and bituminous coals by
conducting related combustion experiments. Murphy et al. [48] found that the average char par-
ticle temperature of a sub-bituminous coal was 2200K and that of a bituminous coal was around
2050K when the oxygen concentration is 24%.

None of these, however, provides any information on the scalar fields in the gaseous environ-
ment surrounding the particle. Exceptions to this are a few recent works that applied high speed,
planar laser diagnostics to the problem of transient coal combustion. Koeser et al. [49] [50]
visualized the volatile and char combustion zone for single coal particles through OH-radicals
images taken by high-speed laser−induced fluorescence. They found that, the ignition of coal
particles is dependent on the particle size but the larger particles have a longer ignition delay
time [49], and the distance between the volatile combustion zone and coal particles is deter-
mined by the oxygen concentration [50].

In the absence of experimental studies, numerical simulations are the effective way to predict the
transient scaler fields in the single particle combustion. Oxy-combustion of pulverised coal has
been already subject to extensive numerical simulations. Zou et al. [51] successfully simulated
the ignition process of pulverized coal combustion under oxy-fuel conditions by using ANSYS
Fluent. The interaction between the char combustion and volatiles combustion and their rates
are obtained during the numerical simulations [51]. The effect of gas and solid particle radiation
on the oxy-fuel combustion of coal particles was investigated by Johansson et al. [52] with a
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Statistical-Narrow-Band (SNB) model. Richter et al. [53] conducted the numerical simulations
to get the species concentration fields in both solid particles and the gas atmosphere under steady
condition.

Through direct numerical simulations, Chabane et al. [54] examined the unsteady, multicompo-
nent gaseous flow in the vicinity of a carbonaceous reactive surface. These authors considered
several homogeneous and heterogeneous reactions and analysed the interactions between these
two groups. They also identified the transitions from oxidation to gasification regimes [54]. The
work of Chabane et al. further explored the contribution of Soret and Dufour effects upon the
transfer of heat and mass in the investigated configuration [54].

A detailed numerical simulation of single coal particle devolatilisation and ignition was con-
ducted by Tufano et al. [55]. An extensive set of homogenous chemical reactions in a laminar
flow were considered in this study. The influences of enhanced oxygen levels mixed with either
nitrogen or carbon dioxide on the particle ignition and flame development were investigated [55].
They highlighted the importance of particle preheating and Reynolds number in determining the
value of ignition delay [55]. They revealed through modelling that, the particle ignition delay
time is determined by the potential particle preheating, particle Reynolds number and the crite-
rion employed for extraction of ignition delay [55].

Biomass are generally used for co-firing with coal as pulverized fuels [56]. Many efforts have
been devoted to co-combustion of different coal with biomass and studies have been conducted
to identify the special effects of co-combustion on ignition [57], the flame characteristics [58],
species emission [59] and the performance of the furnace [60]. Little research focuses on under-
standing the transient combustion process of pulverized biomass particles.

Lu et al. [61] successfully established a one-dimensional model to simulate the biomass par-
ticle combustion process under spherical and cylindrical and flat plate shapes. They revealed
that the composition and temperature gradients in biomass particles have a greater influence the
predicted and measured rates of temperature rise, especially for large particles. Wang et al. [62]
conducted numerical simulations of transient combustion of single biomass particle when oxy-
gen molar concentration varying from 21% to 100%. The influence of enriched oxygen concen-
tration on heat and mass transfer in the transient burning process is investigated by constructing
a spatio-temporal model.

The present review of literature (Table 2.1)shows that, the analyses of pure biomass particles
combustion especially under oxy-fuel combustion is rare. Moreover, the unsteady temperature
and species concentration fields has remained unachievable during the biomass and coal com-
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Table 2.1: Summary of studies on single particle combustion
Researchers Fuel Type Remarks

Bu et al. [34] Coal Particle Ignition delay time, devolatilization pro-
cess.

Bu et al. [36] Char Particle Particle temperature, combustion rate.
Khatami et al. [37] [38] Coal/Biomass Particle Ignition delay time, particle life time, par-

ticle temperature.
Riaza et al. [41] Biomass Particles Volatiles and char combustion rates.
Lee et al. [44] [45] Coal Particles Particle velocity, volatiles flame.
Koeser et al. [49] [50] Coal Particles Visualized ombustion zone through OH-

radicals images.
Zou et al. [51] Coal Particles Interactions between volatiles and char

combustion.
Johansson et al. [52] Coal Particles Radiation effects on oxy-fuel combustion.
Richter et al. [53] Coal Particles Species concentration fields under steady

condtions.
Lu et al. [61] Biomass Particle One-dimensional model, different as-

sumptions of particle shape.

bustion process. The significance of such data stems from the fact that the spatio-temporal
evolutions of the temperature and concentration fields dominate the unsteady rate of entropy
generation [63] and also influence formation of the air pollutants [64]. Therefore, studies on
single coal and biomass particle combustion, particularly oxy-fuel combustion of these particles
are called for deeper understanding.

2.2 NOx and SOx emissions

The weighted contents of nitrogen and sulphur in coal and biomass are normally ranged 0.5%-
2% and 0.5%-3%, respectively [65] [66]. Although concentrations of N and S in biomass are
rather low, the emissions of pollutants, (e.g. NO, NO2, SO2, SO3). produced during direct com-
bustion for heat and power generation has attracted considerable attention [67] due to the serious
environmental effects [68]. Studies have been conducted to further understand the pollutant for-
mation and develop methods to minimize them.

The factors influencing the pollutant emissions include the combustion temperature [69], op-
erating pressure [70], fuel size [71], limestone [72], air staging [73] etc.. Valentim et al. [69]
found that more NOx emissions is generated during the coal fluidised bed combustion process
when the temperature increases from 700◦C to 1000◦C. Svoboda et al [70] concluded that the
NOx emissions decrease with increasing operating pressure and the effect of oxygen molar frac-
tion is more pronounced at lower pressure conditions.
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Shen et al. [46] conducted the experimental work of superfine pulverized anthracite coal under
both single and multi air staging conditions in a drop tube furnace to study the NOx emissions.
The results indicate that, in single air staged combustion, superfine pulverized coal has better
reduction efficiency of NOx emissions than regular particle size. Moreover, the reduction effi-
ciency is higher in multi air staged combustion compared with single air staged combustion.

Tarelho et al. [74] experimentally investigated the effects of excess air and air staging on NO
formation in fluidized bed coal combustion. Increasing the excess air resulted in an increase in
NO emissions, while NO emissions decreased with increasing the scale of the air staging. How-
ever, Wang et al. [75] reported that air staging does not play an important role in reducing NO
emissions for biomass combustion for the co-firing experiments of coal and biomass in a drop
tube furnace. In Zhao et al.’s work [76], the results showed that temperature increases result in
both higher NOx and SO2 emissions in algae biomass combustion. Further, they reported that
the higher content of sulphur in the fuel promotes the SOx emissions and its conversion rate
while the NOx emissions are not regularly depended on the nitrogen content [76].

Zhou et al. [77] investigated the behaviours of fuel-N, volatile-N and char-N of single bitumi-
nous and anthracite coal particles converting to NOx emissions within various flow temperatures.
The experimental work revealed that, most of the NOx pollutants are generated from Char-N and
only 20%-30% are from volatile-N for both bituminous and anthracite coal particles, while over
50% of N2O are from volatile-N instead. The conversation ratios of fuel-N, char-N and volatile-
N nearly keep stable when the flow temperature changes for anthracite coal particles, while the
ratios increase for bituminous. Moreover, the conversion to N2O decreased when increasing the
flow temperature. Zhou et al. [78] reported that the temperature produced little influence on the
conversion of fuel-N, volatile-N and char-N to NOx for anthracite when burning a single coal
particle. While for a single biomass particle, they found that the conversion ratios of fuel-N
to NO are at peaks when temperature is 1100K as it varies from 1000-1200K, and at oxygen
concentration 30% when it increases from 20% to 50% [78].

Courtemanche et al. [79] conducted research on NOx and SO2 emissions with different equiv-
alence ratios and temperatures. They found that higher equivalence ratios strongly decrease
NOx emissions in air combustion, while increase with increasing temperature. SO2 emissions
nearly does not change with fuel-lean mixtures but are higher in the nitrogen-free gas than in
air combustion. The work of Tian et al. [80] showed that, H2S and COS emissions are higher
in CO2 atmosphere than in N2 atmosphere, while SO2 was lower. Under CO2 atmosphere, the
main peaks of SO2, COS and H2S become more evident with the peak values increase while O2

concentration increases.
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The effects of O2/N2 and O2/CO2 gas atmosphere on NOx and SOx emissions have been in-
vestigated. In the experiments done by Brix et al. [39] about single lignite and bituminous char
particle combustion in O2/N2 and O2/CO2 atmospheres with varying oxygen concentration, it
was concluded that, the NO formation is similar in O2/N2 and O2/CO2 for lignite char, while
more NO is produced for bituminous char when changing N2 to CO2. Further, the higher oxygen
concentration or the bigger particle size is, the smaller ratio of char-N is converted to NO.

Li et al. [81], Duan et al. [82], Daood et al. [83] and their co-workers all reported that NO emis-
sions were much lower in oxy-fuel combustion than in air combustion experimentally as there is
no formation of thermal-NOx caused due to the absence of nitrogen in the flow. Shao et al. [84]
found that the average NOx concentration increases along with increasing oxygen concentration,
and the maximum value and peak shape of the NOx concentration curve changed with tempera-
ture. Specifically, the average NOx concentration increases when the temperature varying from
823K to 923K and declines when the temperature varying from 923K to 1223K. Duan et al. [85]
reported that CO2 atmosphere suppresses/diminishes NH3 yield and enhances/increases HCN
yield and the HCN/NH3 ratio is elevated in CO2 atmosphere compared with that in Ar atmo-
sphere.

Croiset et al. [86] found that SO2 yield is a bit higher while replacing N2 by CO2, and SO2

emissions are similar under 28% O2/CO2 and 35% O2/CO2 but increases when oxygen con-
centration was up to 42% for coal combustion. Moron et al. [87] presented that CO2 atmo-
sphere decreased the conversion ratio of sulphur in the single staged combustion of coal and
biomass. Duan et al. [88] reported that, for bituminous coal, the SOx concentration is higher un-
der O2/CO2 conditions compared to O2/N2 ones. Moreover, as the O2 concentration increases
in O2/CO2 mixture, SO2 yield increases first and then decreases with a maximum at 30% O2

concentration [88].

However, still different findings of nitrogen and sulfur emissions were obtained. Permchart
et al. [89] suggested that, NOx emissions from biomass combustion highly depend on the fuel-
nitrogen content in the fuel and are slightly influenced by the operating conditions. Liu et al. [90]
also found that SO2 emission is not affected by the combustion media. Zheng et al. [91] con-
cluded that SOx emissions are governed by oxygen concentration rather than CO2 atmosphere.
Hu et al. [92] presented that SOx emissions were similar in N2 and CO2 gas atmospheres and the
influence of temperature on SO2 emissions is quite small for coal combustion. Ren et al. [93]
reported that there are no clear links between SO2 emission and sulphur fractions in biomass
fuel when it burns in the drop-tube furnace operating at 1400K.
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The preceding review of literature (Table 2.2) indicates that, so far, most investigations have
been focused on coal or char combustion under oxy-fuel conditions, and there are only few
studies regarding single coal or biomass particle combustion under oxy-fuel conditions. More
importantly, the existence of inconsistent, and sometimes conflicting results on NOx and SOx

emissions highly necessitates conduction of further investigations.

Table 2.2: Summary of studies on NOx and SOx emissions
Researchers Fuel Type Remarks

Valentim et al. [69] Coal Particles NOx emissions increase in higher temper-
atures conditions.

Svoboda et al. [70] Coal Particles NOx emissions decrease in higher pres-
sure conditions.

Shen et al. [46] Coal Particles NOx emissions decrease when burning
superfine coal particles.

Wang et al. [75] Coal/Biomass Particles Air staging does little to NOx reduction
in the co-firing of coal and biomass parti-
cles.

Zhao et al. [76] Biomass Particles Higher NOx and SOx emissions in higher
temperature conditions. Higher content
of sulphur in the fuel, higher SOx emis-
sions.

Tian et al. [80] Coal Particles Lower SO2 emissions in O2/CO2 condi-
tions compared to O2/N2 conditions.

Shao et al. [84] Biomass Particles Higher NOx emissions in higher oxygen
concentration conditions.

Croiset et al. [86] Coal Particles Higher SO2 emissions in O2/CO2 condi-
tions compared to O2/N2 conditions.

Duan et al. [88] Coal Particles SO2 yield increases first and then de-
creases when O2 concentration increases
in O2/CO2 mixtures.

Permchart et al. [89] Biomass Particles NOx emissions depend on the nitrogen
content in the fuel rather than operating
conditions.

Liu et al. [90] Coal Particles SO2 emission is not influenced by com-
bustion media.

Zheng et al. [91] Coal particles SOx emissions are highly affected by oxy-
gen concentration.

2.3 Entropy generation

It is well-established that combustion is, by far, the most irreversible process taking place in
thermal power stations [94]. Recent studies of coal fired power stations showed that the exergy
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efficiency of circulating fluidised bed boiler can be lower than 30% [95]. This figure clearly re-
flects the significant role of combustion process in exergetic losses of thermal power generation.
Thus, future improvements in power stations are subject to obtaining a thorough understanding
of the irreversibilities of combustion technologies [96]. The recent emphases on low carbon
power generation have led to the development of oxy-combustion [97] and a fast growing inter-
est in combustion of biomass [98]. Combination of these two technologies along with carbon
capture and storage introduces a potential method of negative carbon emissions in power gener-
ation [99].

Practical optimisation of oxy-fuel combustion of biomass requires examining the thermody-
namic irreversibilities associated with burning of biomass particles in oxygen enriched atmo-
spheres. This, in turn, calls for accurate simulation of coal and biomass combustion in at-
mospheres with varying concentration of oxygen. Given the high complexities of pulverised
biomass combustion, analysing combustion of a single biomass particle is expected to better
reveal the fundamentals of thermodynamic irreversibilities. Such analysis will be inevitably
transient and therefore rather distinctive to the conventional second law studies of reactive
flows [100].

The general field of entropy generation in the combustion process has already received a consid-
erable attention from the scientific community [101]. A vast majority of the literature in this area
has focused on entropy generation in combustion of gaseous fuels under premixed or diffusion
modes. In a series of numerical studies, Chen et al. investigated entropy generation on opposing
jet combustion of hydrogen and blends of hydrogen and methane in premixed [102] [103] and
non-premixed [104] modes. Through Lattice-Boltzmann simulations, these authors performed
extensive parametric studies and showed that the jet Reynolds number is a key parameter charac-
terising the generation of entropy. In particular, Chen et al. [105] asserted that for low Reynolds
number the irreversibility associated with chemical reactions is the dominating source of entropy
generation. However, at high Reynolds number the hydrodynamic irreversibilities become more
significant.

Emadi et al. [106] analysed the local generation of entropy in a hydrogen-enriched, turbulent
non-premixed flame. Their results revealed that, in general, thermal conduction is the most sig-
nificant source of entropy generation and is followed by that of chemical and mass diffusion
processes [106]. However, preheating of air resulted in the reduction of thermal irreversibility
and maintained the chemical and mass transfer irreversibilities unchanged. Hence for combus-
tion with preheated air (at above 750K) chemical irreversibilities were reported as the dominant
source of entropy generation [106]. On this basis, Emadi et al. [106] recommended preheat-
ing as a means of improving the exergetic efficiency of combustion. More recently, Safer et
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al. [107] simulated non-premixed combustion of syngas in a counter flow configurations. These
authors [107] calculated the rate of entropy generation for different hydrogen contents in the
syngas and showed that hydrogen enrichment reduces the irreversibility of the process. Their
results also revealed that chemical irreversibilities are the most significant source of entropy
generation in the investigated flame configuration [107].

Data collected from direct numerical simulations (DNS) were used by Farran and Chakraborty
to evaluate entropy generation in turbulent premixed flames [108]. These authors argued that
decreasing the global Lewis number results in increasing thermal, chemical and mass diffu-
sion irreversibilities. Yet, the regime of turbulent premixed combustion was judged insignificant
in entropy generation process. Another DNS study of entropy generation in premixed flames
revealed that increasing the combustor pressure and the extent of exhaust gas recirculation in-
tensify the rates of irreversibility [109]. It was also shown that for the low Reynolds numbers
the chemical irreversibilities dominate the generation of entropy [109]. Safari et al. [110] con-
ducted a large eddy simulation of entropy generation in turbulent non-premixed jet flames. They
found that increases in the turbulence intensity of the jet leads to higher chemical and thermal
irreversibilities in the flame [110].

Entropy generation minimisation has been also applied to the design of practical combustors.
In a recent study, Arjmandi et al. [111] simulated the generation of entropy and the second law
performance of a swirling bluff-body stabilised flame in a gas turbine combustor. In a paramet-
ric study they investigated the influences of equivalence ratio, fuel-inlet flow rate, bluff-body
aspect ratio, swirl number, and air-inlet velocity upon the entropy generation and accordingly
suggested an optimised design of the combustor [111].

Entropy generation in single phase combustion has been also extended to microsystems through
analysing combustion of mixtures of H2 and CH4 [112] in microchannel and micro-planar con-
figurations. Multiple step chemical kinetics was employed in these studies, which revealed that
the total entropy generation within the system increases by augmenting the inlet velocity of the
reactants. Jiang et al. [113] showed that concentration of CO and H2 can significantly affect the
share of chemical irreversibility in the total entropy generation.

The problem of entropy generation in premixed combustion of hydrogen air mixtures in micro-
combustors was investigated by Jejurkar et al. [114]. This study showed that chemical reac-
tions, heat conduction and mass diffusion are respectively the most important sources of irre-
versibilities in premixed, micro combustion [114]. It was also demonstrated that combustion
irreversibility deceases as the thermal conductivity of the micro-combustor walls increase [114].
In addition to classical premixed and non-premixed combustion modes, entropy generation cal-
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culations have been further performed for catalytic partial oxidation of methane [115]. It was
shown that chemical irreversibilities dominate the rate of entropy generation in catalytic partial
oxidation of methane in a Swiss-roll reactor [115].

Compared to those of single phase, investigations of the second law performance of multiphase
combusting flows are much less frequent. In an early theoretical study, Puri calculated theoret-
ically the entropy generation during combustion of a droplet [116]. In this work, the optimised
size of the droplet and the velocity of gaseous atmosphere were found [116]. In another pioneer-
ing work, Dash et al. examined the transient combustion of a single liquid droplet in a convective
atmosphere [117]. They numerically solved the unsteady governing equations together with a
single step chemical reaction [117]. The results revealed the temperature distribution and con-
vection coefficients around the droplet and also predicted the time trace of entropy generation in
the course of transient burning process [117]. This study was later extended to droplet burning
in quiescent atmospheres [118]. It was demonstrated that the initial temperature ratio of the
droplet and the atmosphere and also the initial Damköhler number are the key parameters in de-
termining the rate of exergy destruction in droplet combustion [118]. In a more recent numerical
investigation, entropy generation was evaluated in quasi-steady combustion of a droplet [119]. It
was shown that entropy generation by thermal and chemical mechanism are quite similar [119].
Further, the authors indicated that entropy generation rate decreases with increasing ambient
temperature and increases with the particle diameter [119].

Gas-phase entropy generation in transient combustion of methanol droplets were examined the-
oretically and numerically by Pope et al. [120]. In this work, stationary droplet combustion
in a low temperature, nearly quiescent environment and also moving droplet in preheated at-
mospheres were examined [120]. The results indicated that by increasing the initial Reynolds
number generation of entropy by transfer of heat and mass decreases. However, irreversibilities
generated by chemical reactions are intensified [120]. Similar to that shown in single-phase
reactive flows, Pope et al. [120] demonstrated that the chemical and thermal irreversibilities
dominate the generation of entropy, while the contribution of mass transfer is negligible.

Although combustion characteristics of coal and biomass particles in oxygenated media have
been investigated to some extent, the thermodynamics of the solid fuels combustion have re-
ceived little attention. As a matter of fact, the thermodynamic irreversibilities associated with
the more general problems of particle and droplet combustion are still largely unexplored. This
shortage of studies is expected to be mainly due to the multiphase and transient nature of particle
and droplet combustion, which makes the transport and thermodynamic analyses complicated.
The limited literature in this area is reviewed in the followings.
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Calculation of entropy generation in solid fuel combustion is restricted to a few investigations on
coal and biomass combustion. On the basis of the numerical analyses of a pulverised coal com-
bustor, Som et al. [121] developed an exergy balance for the reactive system under steady state.
Mondal et al. [122] constructed a model of transport phenomena and entropy generation for
combustion of a single coal particle in quiescent, hot atmosphere. Because of the stationarity of
the particle, spherico-symmetric governing equations were solved in this work. The influences
of coal particle diameter and chemical composition and also those of the free stream tempera-
ture on the temporal evolution of the irreversibilities were further analysed in Ref. [122]. Baloyi
et al. [123] examined the steady, exergetic behaviour of a small-scale wood-fired fluidised bed
combustor. This study was primarily concerned with the effects of air fuel ratio upon the rate of
entropy generation of an adiabatic burner. It was shown that there is an optimal value of air fuel
ratio for which the entropy generation is minimal [123].

The preceding survey of literature (Table 2.3) clearly shows that already there exist in-depth in-
vestigations of thermodynamic irreversibilities in single-phase, gaseous combustion. Important
conclusions have been made about these systems. For instance, chemical reactions heat conduc-
tion and mass diffusion are respectively regarded as the major contributors to entropy generation
in premixed flames, while the order of significance is different in non-premixed flames. Further,
multiple studies have clarified the effects of preheating and equivalence ratios in gaseous steady
combustion. Nevertheless, the equivalent studies in multiphase combustion are currently lack-
ing. This is, particularly, the case for transient combustion of solid fuels, which is perhaps due
to the complexity of unsteady combustion in burning of solid particles.

Further to the significant role of direct coal and biomass combustion in the current and future
energy systems, thermochemical conversion of biomass through gasification is becoming a key
technology for syngas and hydrogen production [124]. In recent years, there has been a rapidly
increasing interest in optimising biomass gasifiers [125]. Amongst other techniques, exergy and
entropy generation minimisation have been employed to improve the design of biomass gasifi-
cation systems [126]. Central to achieving improved modelling of the second law performance
of biomass gasifiers, is obtaining an in-depth understanding of transport and entropy generation
during gasification of single particles.

To achieve these goals, the studies for irreversibilities generation during the transient combus-
tion of single coal and biomass particles in both O2/N2 and O2/CO2 atmospheres with varying
concentration of oxygen should be conducted.
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Table 2.3: Summary of studies on entropy generation
Researchers Phase Remarks

Chen et al. [102] [103] Gaseous Phase Entropy generation in H2 and CH4 com-
bustion under premixed mode.

Chen et al. [104] [105] Gaseous Phase Entropy generation in H2 and CH4 com-
bustion under non-premixed mode.

Emadi et al. [106] Gaseous Phase Entropy generation in a turbulent non-
premixed H2 enriched CH4 air flame.

Safer et al. [107] Gaseous Phase Entropy generation in turbulent syngas
diffusion flame.

Farran et al. [108] Gaseous Phase Entropy generation in turbulent premixed
flames

Borghesi et al. [109] Gaseous Phase Entropy generation in high-pressure tur-
bulent reactive flow.

Safari et al. [110] Gaseous Phase Entropy generation in a turbulent non-
premixed flame.

Wang et al. [112] Gaseous Phase Entropy generation in CH4-H2-air flames.
Jejurkar et al. [114] Gaseous Phase Entropy generation in H2-air premixed

flames.
Chen et al. [115] Gaseous Phase Entropy generation in catalytic partial ox-

idation of CH4.
Puri et al. [116] Gaseous-liquid Phase Entropy generation during a droplet com-

bustion.
Dash et al. [117] Gaseous-liquid Phase Entropy generation during a droplet com-

bustion under convective condition.
Raghavan et al. [119] Gaseous-liquid Phase Entropy generation during the quasi-

steady combustion of spherical liquid par-
ticles.

Pope et al. [120] Gaseous-liquid Phase Unsteady gas-phase entropy during a
droplet combustion.

Baloyi. [123] Gaseous-Solid Phase Entropy generation in wood-fired com-
bustor.

Mondal et al. [122] Gaseous-Solid Phase Entropy generation during a coal particle
combustion.
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2.4 Smouldering combustion

Smouldering is a slow, correspondingly low-temperature, and flameless combustion mode, which
is supported by the heat generated when oxygen directly reacts with the surface of porous fu-
els [127]. Wildfires, smoking cigarettes, burning incense and in-situ combustion are the most
common examples of smouldering combution [128]. The major difference between smoulder-
ing combustion and flaming combustion is the fuel, where homogeneous reactions occurring
between a gaseous fuel and a gaseous oxidiser in the former and heterogeneous reactions taking
place between a gaseous oxidiser and a solid fuel in the latter [129].

Smouldering combustion can happen when the porous media which contains a solid carbona-
ceous char is heated [130]. This is determined by the characteristics of porous media structure:
a high surface area to volume ratio allowing diffusion of oxygen and combustion products [130].
A high level of thermal insulation is achieved due to the high air content of these fuels, which re-
duces heat losses and sustains combustion under low heat release rates conditions. Smouldering
combustion taking place inside a porous fuel bed is a form of filtration combustion [131]. Filtra-
tion combustion refers to the propagation of an exothermic reaction wave in a porous medium
involving fluid oxidiser filtration [131]. It includes the cases in which the gaseous reactant is
present within the pores of a medium or the porous medium itself is the reactant. The latter is
a form of smouldering combustion. Unlike most forms of smouldering combustion where free
air outside the medium provides the oxidiser for the reaction, in filtration combustion it is the
air flowing through the pores which provides oxygen to the reaction site. Thus, filtration com-
bustion has a number of practical applications, such as ores treatment, regeneration of coked
catalysts and in-situ combustion in hydrocarbon reservoirs [131].

Filtration combustion can be classified into two combustion modes: forward smouldering and
reverse smouldering [132]. In forward smouldering, the combustion wave moves in the same
direction of air flow while it moves against with the flow in reverse smouldering. Therefore,
all the conduction, convection and radiation heat transfer move towards the unburned fuel in
forward smouldering. Preheating of unburned fuel help the combustion reach super-adiabatic
temperatures. While under reserve smouldering, the heat is transported upstream by conduction
and radiation mechanisms and convection transports heat in the opposite direction. They act to
balance each other out as the opposing transport direction. Due to this difference, the propaga-
tion of forward smouldering combustion front is usually unsteady, while the reserve propagation
is normally steady [133]. Inhaling through a cigarette is a good example of forward smouldering
where both the oxygen and the reaction front move towards the smoker. On the contrary, the
combustion mode of exhaling through a cigarette is reserve smouldering [134].
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Aldushin et al. [135] found that hydrodynamic perturbations are the major cause of instabili-
ties. For both forward and reverse combustion, the reduction of resistance to air flow due to the
increasing porosity in the burnt region is the basic mechanism which leads to unstable waves.
In forward combustion the generation of gaseous products during combustion is another un-
stable effect, while it is a stabilized effect in reverse combustion. They [135] showed that the
finger instabilities of smouldering combustion fronts could be characterized as a solution of a
Saffman-Taylor problem. The Saffman-Taylor problem is originally formulated to describe the
displacement of one fluid by another having a smaller viscosity, in a porous medium or in a
Hele-Shaw configuration [136].

Zik et al. [137] conducted experimental work to consider the structure characteristics of fin-
gers by burning filter paper between two parallel plates with a narrow gap, which was similar to
a Hele-Shaw cell. They found that in the absence of convection, the Peclet number determined
the spacing between fingers and heat loss determined the finger width [137]. If regardless of heat
loss, the finger width was linearly dependent on the gap between plates [138]. The experimental
results were well explained by the theory of Aldushin [135].

Aldushin et al. successfully observed a finger-like filtration combustion front by burning dried
sawdust in a slit-like rectangular channel [139] and asymmetric fingers propagated along one
of the channel walls [140]. They pointed out that in filtration combustion problem, there were
asymmetrical fingers since the interface was a chemical reaction front with zero surface tension,
while for Saffman-Taylor problem, there were no asymmetrical solutions due to the effect of
surface tension at the interface. Aldushin et al. [141] established a 2D mathematical model of
unsteady filtration combustion when the air flow was in the same direction of the combustion
front to investigate the filtration combustion front propagation modes. The results of numerical
simulations showed that, the front lost its stability at the ratio between the permeability of gas
product and fuel powder (K) closed to 1. When K>1, the time of the breakup of the quasi-
steady front initiated at the ignition stage decreased and the self-organization of the nonuniform
structure of the combustion front occurred more rapidly with increasing K. With the changes
in channel width and filtration coefficient, there were other structures of the front. In another
work [142], they conducted the simulations of a 2D model of coflow filtration combustion in a
slit-like reactor. These authors [142] observed the manifestation of hydrodynamic and thermal
instability simultaneously upon a decrease in the ratio of heat capacity of gas to fuel or an in-
crease in ratio of permeability of product to fuel and the reactor width.

Pojman et al. [143] found that in autocatalytic chemical reactions, when thermal and solutal ef-
fects on density changes were cooperative, the up going fronts were stable. However, when the
two effects were in competition, both up and down going fronts had possible instabilities [143].
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Kalliadasis et al. [144] considered the solutal and thermal effects on fingering instabilities of
exothermic reaction-diffusion fronts in porous media. The stabilities of both ascending and de-
scending fronts were influenced by the interplay between chemical reaction and solutal-thermal
effects, and when Lewis number was above unity, the double-diffusive phenomena played an
important role as well.

Moreover, the ascending front stabilized while descending front destabilized with Lewis num-
ber increasing. Hejazi et al. [145] examined the viscous fingering of reactive miscible flow
displacements in a homogeneous porous media and used a pseudo-spectral method to solve the
continuity equation, Darcy’s law and volume-averaged forms of convection-diffusion-reaction
equations. The development and growth of the instability in terms of the amount of chemical
products predicted based on the mobility ratio at the initial front between two reactants and
effective mobility ratios between chemical products and either one of the two reactants. Reda-
pangu et al. [146] used a two-phase lattice Boltzmann method to study the effects of viscosity
differential on buoyancy-induced interpenetration of two immiscible fluids in a tilted channel.
They observed relatively stable fingers under high viscosity ratios and the intensity of the front
instabilities and the transverse interpenetration of fluids increased with a decrease in viscosity
differences on fluids.

Schult et al. [147] consider porous cylindrical samples closed to the surrounding environment
except at the ends, with gas forced into the sample through one of the ends. A smoulder wave
was initiated at that end and propagates in the same direction as the flow of the gas. They found
the smoulder wave solutions of the front velocity, temperature and oxygen concentration using
asymptotic methods with both reaction leading and reaction trailing structures. Based on the
theory of Schult [147], Akkutlu et al. [148] studied the properties of forward combustion fronts
propagating at a constant velocity in the presence of heat losses. They obtained the explicit
expression of front velocity, temperature and oxygen concentration under adiabatic, convective
and conductive modes. The structure and stability properties of forward smoulder waves were
numerically studied by Lu et al. using a simplified thermal-diffusive model [149]. They found
that forward smoulder fronts were linearly stable for any incoming air flow rate in adiabatic
condition, while considering convective heat loss, fingering instabilities occurred when the in-
coming flow rate was within a narrow range near 1-D extinction limit.

Kuwana et al. [150] presented a model to describe the unstable smouldering front of a thin
solid burning in a narrow gap and defined Lewis number as the ratio of the solid thermal diffu-
sivity to the oxygen diffusivity. Their study [150] showed that when Lewis number varied from
0.1 to 1, there was weaker instabilities with larger Lewis number, and the speed of smouldering
front was close to 1-D propagation and increased with Lewis number increasing. A detailed
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parametric study was conducted by Rostami et al. [151] based on a transient two-dimensional
model for the forward and natural smouldering of a porous biomass fuel. The results showed
that, the lateral mass transfer boundary condition for oxygen and the heat transfer coefficient for
natural smouldering case were the most significant parameters, and the main influencing param-
eters for forward smouldering were the airflow rate in the porous medium and the porosity of
the medium. Saidi et al. [152] developed a three-dimensional model to numerically simulate the
process of a burning cigarette reasonably. Results including velocity profiles, gas and tempera-
tures, coal shape and burn rates. were obtained. Dodd et al. [153] established a two-dimensional
numerical transport model with an eight-step reduced reaction mechanism to study the sponta-
neous transition from smouldering to flaming combustion in polyurethane foam. Reaction rates,
species profiles and phase temperatures were examined.

Table 2.4: Summary of studies on smouldering combustion
Researchers Method Remarks

Zik et al. [137] Experimental Fingers structure.
Aldushin et al. [139] [140] Experimental Figures structure, front propagation.
Aldushin et al. [141] Numerical Front propagation.
Pojman et al. [143] Numerical Front instabilities.
Kalliadasis et al. [144] Numerical Front instabilities.
Redapangu et al. [146] Numerical Fingers structure.
Hejzi et al. [145] Numerical Front instabilities.
Akkutlu et al. [148] Numerical Front instabilities.
Kuwana et al. [150] Numerical Front propagation.
Saidi et al. [152] Numerical Front velocity, fuel burn rate.
Dodd et al. [153] Experimental

Numerical
Transition from smouldering to flaming
combusion.

In conclusion, smouldering is a fundamental combustion problem. It involves heterogeneous
combustion between gas and solid phases and heat and mass transport phenomena. Most studies
focus on the characteristics of fingers and instabilities of the reactive front during smouldering
combustion process. However, the existing studies are not enough to obtain a comprehensive
view about smouldering combustion. Investigations about ignition and extinction, the front
speed, the transition to instabilities or flaming and combustion emissions are lacked, and more
experimental and theoretical research are required.



Chapter 3

Theoretical, numerical and experimental
methods

This chapter is to introduce the methodology used to conduct the single coal and biomass par-
ticle combustion simulations and post-processing of gas-phase entropy generation during the
transient combustion process. The first part describes the instantaneous equations for mul-
tiphase reactive flow, with the addition of a discrete particle injection accounted. Then, the
combustion model and chemical kinetics considered for the single fuel particle combustion are
introduced. The devolatilization process, char combustion reactions and homogeneous reactions
are discussed. The third part is concerned with the modelling of NOx and SOx emissions. The
formation mechanisms of main pollutant species such as NO, SO2, SO3 and some intermediates
like NH3, HCN, H2S are described in detail. The derivation of gas-phase entropy generation rate
based on the Gibbs equation is presented later. Lastly, the experimental apparatus for biomass
smouldering combustion is introduced.

3.1 Governing equations

Regarding a multiphase reactive flow, the changes of pressure, temperature, flow velocity and
species in both gas and discrete phase are the results of fluid flow, heat and mass transport and
chemical reactions. There are conservation laws for the quantities such as mass, momentum and
energy. Therefore, the numerical modelling is established on a set of governing equations. The
detailed governing equations used in this work are described in this section.

29
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3.1.1 Conservation of mass

The mass continuity equation representing the law of mass conservation in cylindrical coordinate
is described below (Eq. 3.1) [154],

∂ρ
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= 0 (3.1)

Here, x, r are the axial and radial coordinates respectively, and the variations in θ direction have
been ignored. t is the time coordinate, ρ is the mixture density, ux and ur are the components of
the velocity vector~u.

3.1.2 Conservation of momentum

For 2D axisymmetric geometries, the axial and radial momentum conservation equations are
given by Eq. 3.2 and 3.3 [154],
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where, p is the static pressure, µm is the molecular viscosity, gx is the acceleration gravity.

3.1.3 Balance of energy

Temperature T is required to evaluate the density and chemical reaction rate in the combustion
system. It can be obtained by solving the energy equation which is shown below [154],
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+
∂ (ρh′ur)

∂ r
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where:
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q j =−
λ

cp

∂h′

∂ (x,r)
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In the Eq. 3.4, h′ is the enthalpy of the mixture, q j is the energy flux, Qi is the internal production
rate for thermal energy. The calculation of h′ and q j are provided by Eq.3.5 and Eq.3.6. There,
hi is the absolute internal enthalpy of species i, Yi is the mass fraction of species i in the mixture,
N is the number of species in the gas phase, λ is the thermal conductivity of the mixture, cp is
the specific heat for the mixture.

3.1.4 Conservation of species

In addition to the governing equations mentioned above, the conservation equation of mass of
species is also needed to describe the reactive flow [154].
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∂
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where, Ji, j is the molecular mass flux of species i, Ri is the net production rate of species i due
to chemical reactions.

In this equation, the first term on the left represents the rate of mass change of species i, and
the second and third term on the left express the net rate of mass decrease of species i due to
convection. The terms on the right hand describe the net rate of mass increase of species i due
to diffusion and the net rate of mass increase of species i due to source respectively.

The molecular mass flux of species normally includes mass diffusion, pressure diffusion and
thermal diffusion [155]. In most combustion systems, only mass diffusion is considered [156].
Thus, the diffusion flux can be written using the Fick’s law as:

Ji, j =−ρDi
∂Yi

∂ (x,r)
(3.8)

where Di is the diffusion coefficient of species i.

Ri = Mi ∑
n
r=1 Ri,cr (3.9)

Ri,cr = Kcr
(
V ′′i,cr−V ′i,cr

)
∏

N
i=1 cai,cr

i (3.10)

Kcr = AcrT bexp(−Ea,cr/RuT ) (3.11)
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3.1.5 Equation of state

The gaseous mixture including reactants and products is assumed to be ideal gas. Therefore, the
state equation can be expressed in the following form [157]:

p = ρRuT ∑
N
i

Yi

Mi
(3.12)

In this equation, T is the mixture temperature, Mi is the molecular weight of species i and Ru is
the universal gas constant (Ru = 8.1314 KJ/Kmol ·K).

3.1.6 Equations of particles

Except for modelling the chemically reacting flow in the gas phase, the changing of solid fuel
particles should also be included in pulverized fuel combustion. In the Euler-Lagrange approach,
the particle phase is solved under the Discrete Phase Model (DPM).

The Newton’s second law is the theoretical basis of the motion equation of discrete phase parti-
cle which is used to calculate its trajectory. It is given by [154]:

mp
dup

dt
= Fd (ug−up)+gx (ρp−ρ) (3.13)

where mp is the mass of the particle, up and ug are the instantaneous velocity of the particle
and gas respectively, ρp is the density of the particle, Fd represents the drag force and can be
calculated as Eq. 3.14:
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where µ is the viscosity, µg is the gas viscosity, dp is the diameter of the particle, CD is the drag
coefficient, Rep is the relative Reynolds number, c1, c2 and c3 are constants and the values are
given by Morsi and Alexander [158].

The energy balance of the particle can be described as [159] [160]
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where, Cp,p is the heat capacity of the particle, Tp and Tg are the particle temperature and gas
phase temperature respectively, λ is the thermal conductivity of gas phase, Nu is the Nusselt
number, Ap is the surface area of the particle, εp is the particle emissivity, Sb is the Stefan-
Boltzmann constant

(
5.67032 ·10−8 W/m2 ·K4), θR is the radiation temperature, fh is the frac-

tion of heat absorbed by the particle, Hreaccr is the enthalpy of reaction cr, h f g is the latent heat
of devolatilizaiton. And the Nusselt number is calculated by [160]:

Nu = 2.0+0.6 ·Re1/2
p · (Cpµg/λ )1/3 (3.18)

In Eq. 3.17, the term on the left hand side represents the temporal rate of change in the sensible
enthalpy of the particle. Further, the first and second terms on the right hand side show the heat
transfer from the particle by the mechanisms of heat convection and radiation. The third term on
the right hand side denotes the energy change during particle devolatilisation process. The last
term on the right hand side represents the fraction of the enthalpy of heterogeneous reactions
that is absorbed by the particle.

3.1.7 Turbulence model

The standard k−ε model is the applied turbulence model in this work. It is proposed by Launder
and Spalding and is a model based on the transport equations for the turbulence kinetic energy
(k) and its dissipation rate (ε). The model transport equation for k is derived from the exact
equation, while the model transport equation for ε was obtained using physical reasoning and
bears little resemblance to its mathematically exact counterpart. The model transport equations
for k and ε are given by ANSYS Fluent [154] and shown below.
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where σk and σε are the turbulent Prandtl numbers for k and ε respectively, Gk is the generation
of turbulent kinetic energy due to the mean velocity gradients, Gb is the generation of turbulence
kinetic energy due to buoyancy, YM is the dissipation rate due to fluctuating dilatation in com-
pressible flow. C1ε , C2ε and C3ε are model constants. The default values for the constants are
given by FLUENT [154].
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3.1.8 Thermal radiation

In high-temperature combustion systems, heat transfer trough thermal radiation affects the com-
bustion process largely and can not be negligible. It allows heat to be transferred from the gas
mixture in high temperature to the surroundings which is cooler. This leads to changing in the
combustion environment.

P-1 radiation model is based on spherical harmonic method and is a first order approximation
to the radiative transport equation and is based on the expansion of radiation intensity I into an
orthogonal series of spherical harmonics. This model has been widely used in particle combus-
tion [159] [160]. In P-1 radiation model, the radiation flux Qr is calculated using the following
equation [154]:

Qr =−
1

3(a+σs)−Cσs
5G (3.21)

Here, a is the absorption coefficient, σs is the scattering coefficient, Cl is the linear-anisotropic
phase function coefficient, and G is the incident radiation.
By introducing the parameter Γ = 1/(3(a+σs)−Cσs), Equation 3.21 can be simplified to [154]:

Qr =−Γ 5G (3.22)

And the transport equatin for G is:

5· (Γ 5G) = aG−4aSbT 4 (3.23)

where Sb is the Stefan-Boltzmann constant
(
5.67032 ·10−8 W/m2 ·K4).

The weighted-sum-of-gray-gases model (WSGGM) is employed for determing the absorption
coefficient of the gas phase. The WSGGM-cell based method, which calculates the mean beam
length based on a characteristic cell size from the Computational Fluid Dynamics (CFD) model
has been used.

3.2 Combustion model

The combustion of solid fuels is a multi-phase, multi-scale and multi-components process which
includes complex chemical and physical phenomena. Normally, four physicochemical processes
were considered during combustion of solid fuel particles [161]. These include devolatilisation
of the particle, volatile (represented by CHmOn) combustion, char (represented by C(s)) oxida-
tion and other gas phase reactions [161]. The combustion phenomena need to be considerably
simplified for numerical simulations, the detailed combustion mechanism used in this work is
described below.
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3.2.1 Devolatilization

Firstly, the particles are heated by the hot surrounding gases and also thermal radiation from the
walls and consequently they first release their moisture content (drying process). Then volatiles
are released rapidly (devolatilisation process). In this study, the release of volatiles is described
by the single rate model [162]. It is assumed that the rate of devolatilisation is first-order and
depends on the amount of volatiles remaining in the particle and employs global kinetics [159].
The reaction and its kinetic rate are:

R1 : coal,biomass→ α volatile+(1−α)char (3.24)

kd = Aexp(−Ea/RT ) (3.25)

where α is the distribution coefficient of volatile in coal or biomass.

3.2.2 Char combustion

Char is produced through the devolatilisation process and reacts with oxygen through the hetero-
geneous process of combustion and gasification. The combustion products are carbon dioxide
CO2 and carbon monoxide CO. The heterogeneous reactions are defined as [154] [163] [164]:

R2 : C (s)+O2→CO2 (3.26)

R3 : C (s)+0.5O2→CO (3.27)

R4 : C (s)+CO2→ 2CO (3.28)

The reactions of char oxidation to CO2 (R2) and CO (R3) are exothermic and occur very rapidly,
but the reduction reaction of CO2 to CO (R4) is endothermic. Another char-H2O reaction is
considered during the char combustion process where H2O comes from the oxidation of volatile
matter (R6).

R5 : C (s)+H2O→CO+H2 (3.29)

Then, the reaction rate K is defined as:

K = kaCCsCrg (3.30)

where, Crg is the concentration of the gaseous reactant, which is O2 for R2 and R3, and CO2 and
H2O for R4 and R5, respectively. ka is the reaction rate constant given by the Arrhenius type
relation:

ka = AT bexp(−Ea/RuT ) (3.31)

The kinetic parameters of the chemical reactions are given in Table 3.1.
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3.2.3 Homogeneous reactions

The combustion of volatile matter (vol) is an important homogeneous reaction in pulverized
coal and biomass combustion process. The volatile matter is released during the devolatilization
stage. The detailed chemical species in the volatile matter are not completely understood due
to the complex chemical structure of coal and biomass [165]. For simplicity, the volatile matter
is regarded as a single species which can be represented as CHmOn. The ratio of carbon (C),
hydrogen (H) and oxygen (O) is determined by the ultimate analysis of the solid fuel and varies
from the fuel type [160]. The chemical reaction is expressed as below:

R6 : CHmOn +a1O2→CO2 +a2H2O (3.32)

Here, m and n is the calculated composition of hydrogen (H) and oxygen (O) containing in the
volatile matter based on the type of coal and biomass. Therefore, the value of the stoichiometric
coefficient a is given based on the mass conservation law in chemical reactions.

a1 = (1+m/4−n/2) (3.33)

a2 = m/2 (3.34)

Besides the homogeneous combustion of volatile matter, the oxidation of CO and H2 to CO2

and H2O respectively are involved [166] [167]. The expressions of reactions are given as:

R7 : CO+0.5O2→CO2 (3.35)

R8 : H2 +0.5O2→ H2O (3.36)

The reaction rates of the homogeneous reactions are defined by:

K = AT bexp(−Ea/RuT ) [Crg]
d [CO2]

e (3.37)

Here Crg is the concentration of CHmOn for R6, CO for R7 and H2 for R8, respectively, and CO2

is the concentration of oxygen. For the composition of volatile matter (CHmOn), the calculation
method will be reported in Chapter 3 which is based on the ultimate and proximate analysis of
coal and biomass. The kinetic parameters of the chemical reactions are given in Table 3.1.

Overall, six gaseous species are defined in this study: CHxOy, O2, CO2, CO, H2O and N2.
Further, the reaction rates of the reactions R2−R5 is determined by a User-defined Function
(UDF) that is exported to ANSYS Fluent. The other processes such as turbulence, turbulence-
chemistry interaction, thermal radiation and devolatilization of particles are modelled by apply-
ing the existing sub-models in the solver. Table 3.1 presents the kinetic parameters related to the
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homogeneous reactions in summary.

Table 3.1: Chemical reactions kinetics constants
Reaction Reaction Kinetic parameters d e Ref.
NO. A E β

R1 coal→ α volatile + (1−α) char 3.12E+05 7.4E+07 - - - [154]
biomass→ α volatile + (1−α) char

R2 C(s) + O2→ CO2 0.002 7.9E+07 0 - - [154]
R3 C(s) + 0.5 O2→ CO 0.052 1.33E+08 0 - - [163]
R4 C(s) + CO2→ 2 CO 4.4 1.62E+08 1 - - [164]
R5 C(s) + H2O→ CO + H2 1.33 1.47E+08 1 - - [164]
R6 CHmOn + a1 O2→ CO2 + a2 H2O 2.12E+11 2.21E+08 - 0.2 1.3 [154]
R7 CO + 0.5 O2→ CO2 1.30E+11 1.26E+08 - 0.5 0.5 [166]
R8 H2O + 0.5 O2→ H2O 5.69E+11 1.46E+08 - 1 0.5 [167]

The nitrogen and sulphur containing in the solid fuels are converted to pollutants including vari-
ous nitrogen compounds such as NO, NH3 and HCN, and sulphur compounds such as SO2, H2S
and SO3. The following sections present the theoretical background of NOx and SOx modelling.

3.3 NOx model

The NOx pollutants are formed through thermal-NOx, prompt-NOx and fuel-NOx mechanisms
during solid fuels combustion process. As discussed in section 1.2, prompt-NOx has a neg-
ligible contributor to total NOx emissions and can be ignored in pulverized coal and biomass
combustion [168], only thermal-NOx and fuel-NOx are considered in this work.

3.3.1 Thermal NOx

The formation of thermal NOx is determined by a set of highly temperature-dependent chemical
reactions known as the extended Zeldovich mechanism [169]. The principal reactions govern-
ing the formation of thermal NOx from molecular nitrogen are as follows: The mechanism of
Thermal-NO is proposed by Zelovich [169]. During the numerical modelling, the partial equilib-
rium approach for radicals O and OH concentrations is applied together. The reactions involving
in thermal-NO are represented as below:

O+N2
k1−→ N +NO (3.38)

O+N2
k2←− N +NO (3.39)

N +O2
k3−→ O+NO (3.40)

N +O2
k4←− O+NO (3.41)
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N +OH
k5−→ H +NO (3.42)

N +OH
k6←− H +NO (3.43)

where k1, k3, k5 represent the forward rate constants of the reactions, k2, k4, k6 represent the
backward rate constants, and O, H, N and OH are oxygen radical, hydrogen radical, nitrogen
radical and hydroxyl radical. The rate constants of the reactions are calculated by the Arrhenius
equation k = AT β exp(−E/RuT ). Fluent uses the values complied by Hanson and Salimian
[170] as given in Table 3.2.

Table 3.2: Rate constants for thermal NOx chemical reactions [170]
Rate constant A β E

k1 1.8E+08 0 38370
k2 3.8E+07 0 425
k3 1.8E+04 1 5680
k4 3.8E+03 1 20820
k5 7.1E+07 0 450
k6 1.7E+08 0 24560

3.3.2 Fuel NOx

Regarding fuel-NOx, the nitrogen contained in the coal and biomass particles is assumed to
be distributed between the volatile matter (vol-N) and the char (char-N), and is completely de-
volatilized during the combustion process [171]. This assumption is indicated by most experi-
mental studies of coal pyrolysis [159] [172]. The split of nitrogen in the fuel into volatiles and
char is essential for NOx formation. Therefore, when modelling fuel-NOx in coal and biomass
combustion system, nitrogen release during both the devolatilization and char oxidation stages
need to be considered.

The nitrogen released from the fuel particles converts to NOx pollutants through the interme-
diates HCN and NH3 (shown in Fig. 3.1) [173] [174]. For the nitrogen contained in the volatile
matter, it is through the intermediates HCN and NH3 firstly and then reacts with oxygen to form
NO partly. For nitrogen contained in the char, two variations of fuel-NOx pathways [175] [176]
are considered. The first mechanism assumes that the nitrogen contained in the char fully
converted to the intermediates HCN and NH3 which are then converted to NO partially (Fig-
ures 3.1(a) and 3.1(b)). The assumption of the second mechanism is that the char-N completely
converts to NO directly (Figures 3.1(c) and 3.1(d).
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(a)

(b)

(c)

(d)

Figure 3.1: Fuel-NO pathways [175] [176]
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The reactions involved in NO formation fuel-NOx are shown as follows:

HCN +O2
k7−→ NO+ · · · (3.44)

NH3 +O2
k8−→ NO+ · · · (3.45)

HCN +NO
k9−→ N2 + · · · (3.46)

NH3 +NO
k10−→ N2 + · · · (3.47)

The rate of conversion of HCN and NH3 are given by De Soete [177] as described below:

k7 = A1XHCNXa
O2

exp(−E1/RT ) (3.48)

k8 = A2XNH3Xa
O2

exp(−E2/RT ) (3.49)

k9 = A3XHCNXNOexp(−E3/RT ) (3.50)

k10 = A4XNH3XNOexp(−E4/RT ) (3.51)

where X is the mole fraction of related species, a is the oxygen reaction order and T is the
instantaneous temperature. The kinetics of these reactions are given in Table 3.3 and the oxygen
reaction order is taken from Table 3.4.

Table 3.3: Reaction kinetics for fuel NOx chemical reactions [177]
Rate of reaction A E

k7 1.0E+10 280451.95
k8 4.0E+06 133947.2
k9 3.0E+12 251151
k10 1.0E+08 113017.95

Table 3.4: Oxygen reaction order for fuel NOx chemical reactions [177]
Oxygen mole fraction a

XO2 ≤ 0.0041 1
0.0041 ≤ XO2 ≤ 0.0111 -3.95 - 0.9lnXO2

0.011 ≤ XO2 ≤ 0.03 -0.35 - 0.1lnXO2

XO2 ≥ 0.03 0

3.4 SOx model

The oxidation of fuel-bound sulphur is the only source of SOx emissions. During coal and
biomass combustion, some of the sulfur is released as H2S, COS, SO2 and CS2 when de-
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volatilizaiton happens, while rest of the sulfur is retained in the char to be oxidized at a later
stage. SO2 and SO3 are the final products of oxidization. For low sulfur fuels, the sulfur is re-
garded to mainly release as H2S. An eight-step mechanism [178] together with one SO3 forma-
tion reaction [179] are used to describe the reaction mechanisms for sulphur oxidation. Table 3.5
lists the detailed reactions with the rate constants (for a rate constant k = AT bexp(−E/RT )).
Here, M represents nitrogen or oxygen in the gaseous environment. For the calculations, the
concentrations of [O] and [OH] have been calculated through partial equilibrium assumptions
based on [O2] and [H2O] concentrations, respectively. The concentration of [H] is assumed to be
proportional to the concentration of O radical, which can be evaluated from one of the existing
methods in ANSYS Fluent [154].The species N2 is used as the dilutant.

Table 3.5: Mechanism for SOx formation [178] [179]
Reaction A b E

H2S+H→ SH +H2 1.82E+07 0 7.48E+03
H2S+H← SH +H2 9.37E+06 0 6.25E+04
OH +H2S→ H2)+SH 1.38E+02 0 3.74E+03
OH +H2S← H2)+SH 3.11E+07 0 1.22E=05
SO+OH→ H +SO2 1.62E+08 0 2.56E+03
SO+OH← H +SO2 7.69E+09 0 1.19E+05
SH +O→ SO+H 3.55E+08 0 2.69E=03
SH +O← SO+H 2.99E+09 0 1.69E+05
O+H2S→ SH +OH 4.36E+03 0 1.38E+04
O+H2S← SH +OH 9.88E+08 0 6.04E+04
SO+O2→ SO2 +O 4.47E+05 0 2.70E+04
SO+O2← SO2 +O 1.66E+06 0 7.61E+04
H +SH +M→ H2S + M 1.10E+03 0 0
H +SH +M← H2S + M 8.67E+14 0 3.82E+05
SO+O→ SO2 4.47E+05 0 2.70E+04
SO+O← SO2 1.67E+06 0 7.61E+04
SO+O+M→ SO2 + M 8.71E+09 -1.8 4.12E+03
SO+O+M← SO2 + M 1.91E+14 0 5.21E+05
SO2 +O→ SO3 3.63E+12 0 4.12E+03
SO2 +O← SO3 7.41E+14 0 -3.46E+05

3.5 Derivation of gas-phase entropy generation

The derivation of gas-phase entropy generation is based on the ideal gases assumption. Thus,
here we have the following equation regarding the specific chemical potential µc,i, the specific
enthalpy hi and the partial specific entropy si for the ith species and its gradient form:

µc,i = hi−T si (3.52)
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5µc,i =5hi−T5 si− si5T (3.53)

where
hi = h0

i +
∫ T

T 0
cp,idT (3.54)

si = s0
i +

∫ T

T 0

cp,i

T
dT −Ri ln

p
p0 −Ri lnXi (3.55)

where h0
i and s0

i are the specific heat of formation and entropy at the referenced temperature T 0

and pressure p0, cp,i is the specific heat capacity, pi = Xi p is the partial pressure, and Ri = Ru Wi

is the specific gas constant of the ith species.

Combining Eq. 3.53, Eq. 3.54, Eq. 3.55 and the equation of ideal-gas state, we can have the
following equation:

−5hi +T5 si =−
1
ρi

(p5Xi +Xi5 p) (3.56)

The gas-phase entropy generation term is derived through the way described by Pope [120] and
Hirschfelder [155]. Firstly, the vector form of the conservation equations of energy (Eq. 3.57),
species (Eq. 3.58) and continuity (Eq. 3.59) presented by Williams [180] are introduced:

ρ
Du
Dt

=−5·~q− p(5·~v)+Φ+ρ ∑
N
i=1Yi~fi ·~Vi (3.57)

ρ
DYi

Dt
= ωi−5·

(
ρYi~Vi

)
(3.58)

Dρ

Dt
+ρ5·~v = 0 (3.59)

where ρ and u is the density and internal energy of the gas mixture, ~q is the heat flux vector, ~v
is the velocity vector, Φ is the viscous dissipation, Yi is the mass fraction of the ith species, ~fi

is the body force per unit mass, ~Vi is the diffusion velocity of the ith species and ωi is the mass
production rate of the ith species per unit volume.

Hirschfelder [155] also presented the change in specific entropy as:

ρ
Ds
Dt

=−5·~s+σ (3.60)

The relationship between the change of specific internal energy e and change of the specific
entropy s based on the Gibbs equation is described as:

T ds = de+ pd
(

1
ρ

)
−∑i µc,idYi (3.61)
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Applying differential change in the applicable parameters, then the Gibbs equation can be writ-
ten as:

T
∂ s
∂ t

=
∂e
∂ t
− p

ρ2
∂ρ

∂ t
−∑i µc,i

∂Yi

∂ t
(3.62)

Substituting the the vector form of the conservation equations of energy (Eq. 3.57), species (Eq.
3.58) and continuity (Eq. 3.59) into Eq. 3.62, it gives:

T
Ds
Dt

=− 1
ρ
5·~q+ Φ

ρ
+∑iYi~fi~Vi−

1
ρ

∑i µc,i

[
ωi−5·

(
ρYi~Vi

)]
(3.63)

Multiplying ρ

T with Eq. 3.63 leads to:

ρ
Ds
Dt

=− 1
T
5·~q+ Φ

T
+

ρ

T ∑iYi~fi~Vi−
1
T ∑i µc,i

[
ωi−5·

(
ρYi~Vi

)]
(3.64)

Here, the second term and last term in Eq. 3.64 can be rewritten in the following forms:

− 1
T
5·~q =−5

(
~q
T

)
− ~q

T 2 ·5T (3.65)

− 1
T ∑i µc,i5·

(
ρYi~Vi

)
=5· 1

T ∑i

(
µc,iρYi~Vi

)
+

1
T 2 ∑i

(
µc,iρYi~Vi

)
·5T

− 1
T ∑i ρYi~Vi ·5(µc,i)

(3.66)

Substituting the new forms into Eq. 3.64, we can get:

ρ
Ds
Dt

=−5·
[(

~q
T

)
− 1

T ∑i µc,iρYi~Vi

]
− ~q

T 2 ·5T +
Φ

T

+
ρ

T ∑iYi~fi ·~Vi−
1
T ∑i µc,iωi +

1
T 2 ∑i

(
µc,iρYi~Vi

)
·5T

− 1
T ∑i=1 ρYi~Vi ·5(µc,i)

(3.67)

Comparing Eq. 3.60 and Eq. 3.67, the expressions of the entropy flux~s and the entropy genera-
tion rate per unit volume σ can be described as:

~s =
(
~q
T

)
− 1

T ∑i µc,iρYi~Vi (3.68)

σ =− ~q
T 2 ·5T +

Φ

T
+

ρ

T ∑iYi~fi ·~Vi−
1
T ∑i µc,iωi

+
1

T 2 ∑i

(
µc,iρYi~Vi

)
·5T − 1

T ∑i ρYi~Vi ·5(µc,i)

(3.69)
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Further, Eq. 3.69 can be simplified to:

σ =− ~q
T 2 ·5T +

Φ

T
+

1
T ∑i ρYi~Vi ·

(
~fi +

µc,i

T
5T −5µc,i

)
− 1

T ∑i µc,iωi

(3.70)

Here, we make some simplifying assumptions to continue the derivation of gas-phase entropy
generation: (1) The gravity (~g) is the only external body force per unit mass considered in this
work and other body forces are negligible: ~fi =~g ; (2) The effect of pressure gradient is ignored;
(3) The irreversibility due to Dufour and Soret effects is also negligible; (4) The radiation heat
transfer is ignored.

Therefore we can define the heat flux~q as:

~q =−λ5T +ρ ∑iYi~Vihi (3.71)

And the equation of velocity diffusion is:

5Xi =
N

∑
j=1; j 6=i

(
XiX j

Di j

)(
~Vj−~Vi

)
+

N

∑
j=1; j 6=i

(
XiX j

Di j

)(
DT, j

ρ j
−

DT,i

ρi

)(
5T
T

)
(3.72)

where the subscripts i and j represents the species, Di j is the binary diffusion coefficient for the
i− j species pair, DT,i and DT, j is the thermal diffusion coefficient for the referred species.

Substituting Eq. 3.56, Eq. 3.71 and Eq. 3.72 into Eq. 3.70 and rewriting, it results in:

σ =
λ

T 2 (5T )2− ρRu

W ∑iVi ·5Xi−
1
T ∑i µc,iωi (3.73)

The three terms on the right of Eq. 3.73 represent the entropy generation rate per unit volume
caused by heat transfer (σh), mass transfer (σm) and chemical reactions (σcr). And the individ-
ual terms are:

σh =
λ

T 2 (5T )2 (3.74)

σm =−ρRu

W ∑iVi ·5Xi (3.75)

σr =−
1
T ∑i µc,iωi (3.76)

Using the expression of Vi mentioned in Ref. [181]: Vi =−Dim
Yi
5Yi, the entropy generation rate

per unit volume due to mass transfer (σm) can be rewritten as:

σm =
ρRu

W ∑i

(
Dim

Yi

)
·5Xi (3.77)
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Defining SE as the effective area considering irreversibility changes during the transient com-
bustion process, the gas-phase entropy generation rate for the whole system at any moment is
given by:

ES =
∫

σdSE (3.78)

And the entropy generation rates due to heat transfer (Eh), mass transfer (Em) and chemical
reactions (Er) can be obtained by substituting the corresponding entropy generation rates per
unit volume:

Eh =
∫

σh dSE (3.79)

Em =
∫

σm dSE (3.80)

Er =
∫

σr dSE (3.81)

In this work, a single coal or biomass particle was released into a drop-tube furnace and then
ignited and combust under the high temperature of around 1400K. Here, particle life time

(
tpl
)

accounts for the time from the release of the particle to the extinction of the particle. The
average entropy generation rate over the particle life time

(
E
′
S

)
can be calculated using the

equation below:

E
′
S =

1
tpl

∫ tpl

0
ESdt (3.82)

3.6 Experimental setup

The experimental setup showing the air flow, ignition and main body on the smouldering com-
bustion of biomass packed bed is presented in Figure 3.2. During operation, the air flow firstly
goes through the air filter regulator and the air mass flow controller. After these two devices, the
filtered and regulated air is obtained and it then enters the main body. The main body is a mild
steel concave box. The ignition plate which consists of honeycomb ceramic plates and resistance
wires is placed in the main body and a high temperature resistance glass plate that matches the
size of the concave box is placed on the top to make the system closed. The ignition plate that is
consisted of several ceramic honeycomb plates and resistance wires is placed in the main body.
The resistance wires are used to heat the ceramic plates when they are connected to DC power.
The fuel box filling with biomass particles is closely next to the ignition plate. Thermocouples
are used to measure the temperature of the ignition plate and biomass packed bed and the data is
collected by a thermocouple data logger. The gaseous products of smouldering combustion can
exhaust from the holes left at the bottom of the main body. In order to reduce the heat loss of
the system, several layers of thermal insulation films are applied to cover the mild steel body.
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(a) Schematic view of experimental setup

(b) Image of the real rig

Figure 3.2: The experimental setup for biomass packed bed smouldering combustion.

3.6.1 Main body

A mild steel concave box is the main body of the experimental rig. This concave box is 510mm
in length, 260mm in width and 30mm in depth. Holes in suitable sizes for thermocouples and
air-in and air-out tubes are left when processing. The technical drawing of the main body is
shown in Figure 3.3. A fuel box with the size of 100mm in length, 60mm in width and 25mm
in depth is placed close to the ignition plate and in the central line of the concave box. In order
to close the system and make the smouldering combustion process visible, a high temperature
resistance quartz glass plate that matches the size of the concave box is placed on the top.
Clear fused quartz glass is a unique material with an unrivalled combination of purity, high
temperature resistance, thermal shock resistance, high electrical insulation, optical transparency
and chemical inertness.
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(a) Top view

(b) Front view

(c) Left view

Figure 3.3: The technical drawing of main body part.

3.6.2 Air flow unit

The air flow is supplied by the air supply system in the laboratory. The gas tube is first connected
with an air filter regulator and followed by a mass flow controller. The air filter regulator is SMC
AW20-F02 and shown in Fig. 3.4a. Air leaving a compressor is hot, dirty, and wet which can
damage and shorten the life of downstream equipment. The air filter regulator is applied to
remove water vapour, oil and dust from air to make it ready for use. The operating pressure
and temperature of the air filter regulator is 0.3-1.0MPa and 0-60◦C. The pressure of output
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air is between 0.05 and 0.7MPa. The air mass flow controller is a device used to measure and
control the flow of fluids (liquids or gases). ALICAT MC-20SLPM-D/5M (Fig. 3.4b), which
can provide responsive and stable control in 50ms is applied here. The specified air flow rate
can be set in the air mass flow controller and the required amount of air during the experiment
goes through the controller and enter the main body. Therefore, by applying air filter regulator
and air mass flow controller, clean and quantitative air can be supplied to the system.

(a) Air filter regulator (b) Mass flow controller

Figure 3.4: Air flow unit.

3.6.3 Ignition unit

The required temperature of the ignition plate is 220◦C-300◦C for the smouldering combustion
experiments. As the main body is made of mild steel, which is electrically conductive, mate-
rials with high properties of electrical insulativity and thermal conductivity are needed for the
ignition unit to reduce the output of DC power supply. A combination of several honeycomb
ceramic plates and resistance wires are selected to compose the ignition plate. The ceramic plate
is made of Aluminium Nitride (AlN) ceramic. The AlN ceramic has reliable insulation and ex-
cellent thermal conductivity. The AlN ceramic plates are processed to honeycomb shaped plates
(Fig. 3.5a). The honeycomb structure aims at letting the air go through and becoming uniform
when getting to the fuel. The ceramic plate is 232mm in length, 24mm in width and 1mm in
thickness. The diameter of the holes in the ceramic plates is 2mm.

Resistance wires and DC power are other two important components of the ignition unit. The
resistance wires are inserted across the holes in the honeycomb plates and then are connected to
DC power supply. Thus, a pure resistor element circuit is formed and the resistance wires can be
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(a) Ceramic plates (b) Resistance wire

(c) DC power

Figure 3.5: Ignition unit.

regarded as heating wires. Therefore, the ceramic plates can achieve the required temperature
with specified voltage and current supply and can be used to ignite the biomass packed bed. The
resistance wire used in this work is Block RD 100/0.4 (Fig. 3.5b). The diameter of the resis-
tance wire is 0.4mm and the resistance is 3.9Ω/m. The DC power supply applied here is Rapid
NP-9625-209G with output voltage 0-30V and output current 0-10A (Fig. 3.5c).

3.6.4 Temperature measurement unit

The experiments of smouldering combustion of biomass packed bed are conducted under the
ignition temperature 220◦C, 250◦C and 280◦C. In order to track the temperature of the ignition
plate and the biomass packed bed, mineral insulated thermocouples in Type K-310 Stainless
Steel are used. When measuring the temperature of the biomass packed bed during smouldering
combustion process, five thermocouples are used. The first one is placed 15mm away from
the ignition plate and the distance between the thermocouples is 15mm as well (Fig. 3.2b). A
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(a) Thermocouple (b) Data logger

Figure 3.6: Temperature measurement unit.

Pico TC-08 Thermocouple Data Logger (Fig. 3.6b) is used to collect the real time data. The
temperatures at measured points are recorded every second during the smouldering combustion
process.



Chapter 4

Evolution of the transient process of single
particle combustion

This chapter presents the numerical modelling work of the combustion process of single coal and
biomass particle in a drop-tube furnace under various gas conditions. A lignite coal (DECS-11)
and a kind of biomass (Bagasse) are used in this work. Both active flow and non-active flow are
applied to the single particle combustion. The oxygen concentrations vary from 20% to 100%
in nitrogen (N2) or carbon dioxide (CO2) environments. The numerical results are compared
against with existing experimental data to validate the numerical model. The particle mass loss
and position during the combustion process are tracked to investigate the particle combustion
process under different gas conditions. The evolution of gaseous species is obtained to look into
the unsteady heat and mass transfer phenomena.

4.1 Fuel Properties

The coal sample was from the Pittsburgh Coal bank and the biomass sample are from a produc-
tion plant Sugarcane in Brazil. The proximate and ultimate analysis of the coal DECS-11 and
the biomass Bagasse in the work are given in Table 4.1 [37]. In order to simplify the numerical
modelling, the molecular formulas of the two kinds of fuels have been simplified into a form
with dry ash free (DAF) basis. The contents of Nitrogen (N), Sulphur (S) and Sodium (Na) are
ignored. For lignite coal DECS-11 on DAF basis, there is 62% volatile matter and 38% fixed
carbon (char) with the proximate analysis. The elemental composition of the coal DECS-11 on
DAF basis is 74.55% Carbon (C), 4.5% Hydrogen (H) and 20.95% Oxygen (O), respectively.
The relative proportion composition of the volatile is determined by assuming that its mass is
62% of 1 kg of the DAF composition. Thus: 0.62= (x/100) C+(4.5/100) H+(20.95/100) O,
then x = 36.55%. The elemental composition of volatile matter is C36.55/12H4.5/1O20.95/16 and
it can be written as CH1.48O0.43. The molecular weight of the volatile matter is 20.36 kg/kmol.

51
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Table 4.1: Proximate and ultimate analysis of the fuel [37]
Fuel Type DECS-11 Bagasse

Lignite Sugarcane residue

Proximate analysis as received
Moisture (%) 33.4 4.4
Volatile Matter (%) 37.4 83.9
Fixed Carbon (%) 22.9 7.7
Ash (%) 6.4 4.0

Ultimate analysis (Dry basis)
Carbon (%) 66.2 44.3
Hydrogen (%) 4.0 5.7
Oxygen (%) 18.6 45.5
Nitrogen (%) 0.9 0.2
Sulfur (%) 0.7 0.07
Sodium (%) 0.66 -
Ash (%) 9.6 4.2

Lower Heating Value (MJ/kg) 25.7 16.3

The lower heating value of volatile matter (LHVvol) is calculated with the following equation:

LHVvol =
LHVcoal−FC ∗LHVC

Fvol
(4.1)

Here, FC and Fvol represent the mass fraction of char and volatile matter in the coal, and
LHVcoal and LHVC are the lower heating value of the coal and the char, respectively. And
LHVC is regarded to be equal to the value of fixed carbon (32900KJ/kg). Thus, we have:
LHVvol = (25700 − 0.38×32900)/0.62 = 21287.1 KJ/kg. Then LHVvol = 21287.1×20.36 =

433405.2903 KJ/kmol.

Therefore, the oxidation of volatile matter of the coal DECS-11 particle can be represented
by CH1.48O0.43 + 1.55 O2 → CO2 + 0.74 H2O. The enthalpy of the volatile can be calculated
by the enthalpy change between the products and reactants. This is represented as:

Hreac = ∑hproducts−∑hreactants, (4.2)

where Hreac is the heat of reaction and is equal to the lower heating value of the volatile mat-
ter (LHVvol), hproducts and hreactants are the enthalpy of formation of products and reactants,
respectively. The value of enthalpy of the species O2, CO2 and H2O are obtained from Flu-
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ent Database and they are 0, 3.935*105 KJ/kmol and 2.418*105 KJ/kmol, respectively [154].
Thus, the value of enthalpy of the volatile matter is: hvol = LHVvol − [1×hCO2 +0.74×hH2O],
then hvol =−1.3909 × 105 KJ/kmol.

The molecular formula, molecular weight and enthalpy of the biomass Bagasse particle are
obtained by following the above steps. The volatile matter of Bagasse can be represented as
CH1.89O0.94, and the molecular weight is 28.93 Kg/kmol. The value of enthalpy is -1.9455×105

KJ/kmol which is based on the following volatile oxidation reaction: CH1.89O0.94 +1.0025 O2 →
CO2 + 0.945 H2O.

4.2 Model geometry and operating conditions

The basic configuration of the reactor used in this work was taken from the Ref. [37] (see
Fig. 4.1). The single coal and biomass particles were released at the top of the furnace and
free-falling into the radiation zone where the particles were ignited and combust. The drop-tube
reactor is represented by a 2D axisymmetric shape geometry as reported in Fig. 4.1b with the
inlet diameter of 70mm and the hot wall length of 250mm. The operating conditions are shown
in Table 4.2.

Some assumptions are made in order to simplify the modelling: (1) the gas phase is treated
as an ideal-gas mixture, (2) the coal and biomass particles are assumed to be spherical in shape,
(3) the interactions between the particles are neglected.

(a) Experimental setup [37] (b) Computational domain

Figure 4.1: Schematic view of experimental setup [37] and computational domain.
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Table 4.2: Operating Conditions [37]
Parameters Values

Quiescent Flow Active Flow

Wall temperature 1400K 1400K
Temperature of injecting gas 1200K 1200K
Velocity of gas 0 4.55cm/s
Diameter of particles 80µm 80µm
Initial temperature of particles 750K 1050K
Velocity of particles 15cm/s 15cm/s
Oxygen concentrations 20%, 40%, 60% 21%, 27%, 37%

80%, 100% 68%, 77%, 100%

4.3 Mesh independency study

The mesh for the geometry shown in Fig. 4.1b is generated using ICEM for the numerical simu-
lations. A steady-state computation was initially carried out with a grid resolution having a total
of 29,925 control volumes, which is shown in Fig. 4.1b. In order to prove that the solution is
independent of the mesh used in the simulations, it is important to carry out a grid-independency
study. Therefore, the grid density was slightly reduced to 18,950, and then symmetrically in-
creased to 37,710 and 52,680 control volumes to check their sensitivity on simulated results.

Figure 4.2 shows the temperature inside the reactor along the axisymmetric line for the four
grids and the predicted results show reasonably good agreement with small variation at the up-
stream of the reactor. Moreover, Figure 4.3 and 4.4 show the mass-averaged mole fraction of
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Figure 4.2: The variation of temperature predicted along the axisymmetric line of the reactor
with different grids (DECS-11, Active flow, 37%O2 & 63%N2).
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Figure 4.3: The variation of mole fraction of volatiles predicted in the reactor with different
grids (DECS-11, Active flow, 37%O2 & 63%N2).
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Figure 4.4: The variation of mole fraction of CO in the reactor with different grids (DECS-11,
Active flow, 37%O2 & 63%N2).

volatiles (Vol) and carbon monoxide CO in the reactor. It is shown that, the simulation results
based on the four meshes are very close to each other except for the small discrepancies in the
upstream region. Therefore, the grid that has a total number of cells of 299,25 was sufficient for
obtaining a grid-independent CFD solution and used for carrying out the reported simulations.
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4.4 Validation of numerical model

Ignition delay time, the particle life time and the maximum temperature encountered during the
transient combustion of Bagasse and DECS-11 particles were used to validate the numerical
model by comparing with the experimental data reported in Refs. [37] [38]. It should be noted
that following the experiments, the ignition delay time accounts for the duration that was com-
menced with the biomass particle releasing into the drop furnace and terminated at the ignition
moment. Particle life time shows the time taken from the biomass particle releasing to the ex-
tinction of the particle. Further, particle maximum temperature is the highest temperature of the
particle encountered during the course of the transient combustion process.

Table 4.3: Summary cases and compared results of Bagasse (Active Flow)
Gas Ignition Delay Time(ms) Particle Life Time (ms) Maximum Temperature(K)

Conditions Exp. Num. Exp. Num. Exp. Num. Error(%)

21% O2/N2 3 3.2 18 18.3 1900 1891.72 0.44

27% O2/N2 9 8.8 18 18.3 2150 2100.44 2.31

37% O2/N2 4 3.9 10 10.4 2370 2386.66 0.70

77% O2/N2 5 5.1 11 11.8 2700 2702.92 0.11

100% O2 3 3.2 8 8.1 2950 2926.13 0.81

27% O2/CO2 9 9.4 40 39.6 1630 1635.71 0.35

37% O2/CO2 4 4.3 19 18.0 2280 2266.18 0.61

77% O2/CO2 5 5.4 12 11.3 2650 2652.38 0.09

Table 4.4: Summary cases and compared results of DECS-11 (Active Flow)
Gas Ignition Delay Time(ms) Particle Life Time (ms) Maximum Temperature(K)

Conditions Exp. Num. Exp. Num. Exp. Num. Error(%)

21% O2/N2 5 5.1 42 41.9 2000 1972.85 1.36

27% O2/N2 5 5.2 38 38.6 2420 2431.01 0.45

37% O2/N2 6 6.5 32 32.7 2400 2385.15 0.62

68% O2/N2 6 5.1 18 17.1 2950 2919.96 1.02

100% O2 6 5.9 19 19.2 2900 2889.13 0.37

27% O2/CO2 5 5.4 52 50.9 1980 1981.82 0.09

37% O2/CO2 6 5.4 32 33.0 2300 2268.49 1.37

68% O2/CO2 6 5.1 18 17.1 2950 2991.13 1.39
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Table 4.5: Summary cases and compared results of DECS-11 (Quiescent Flow)
Gas Ignition Delay Time(ms) Particle Life Time (ms) Maximum Temperature(K)

Conditions Exp. Num. Exp. Num. Exp. Num. Error(%)

20% O2/N2 16 16.2 75 77.3 2300 2096.39 8.85

30% O2/N2 17 17.6 58 57.4 2406 2367.11 1.64

40% O2/N2 17 16.8 50 47.8 2612 2578.17 1.31

60% O2/N2 14 14.4 37 38.5 2780 2699.93 2.93

80% O2/N2 13 13.6 30 33.6 3050 3033.65 0.54

100% O2 11 10.6 27 28.2 3094 3070.95 0.74

20% O2/CO2 21 21.2 113 107.9 2125 2125.62 0.03

30% O2/CO2 19 19.3 70 72.1 2250 2217.89 1.43

40% O2/CO2 17 17.1 57 56.4 2406 2364.95 1.73

60% O2/CO2 13 12.9 40 40.6 2650 2635.34 0.55

80% O2/CO2 12 11.7 32 32.3 2968 2954.36 0.49

In the experimental studies, spectral measurement was used to monitor the whole combustion
process. The start and end points of the particle combustion were deduced from the onset and ter-
mination of the recorded highest-intensity signal from the reactive particle, and the temperature
was obtained through signal post-processing [182] [183]. In accordance with this methodology,
in the simulations the ignition and extinction moments of the particle were deduced by the start
and end points of char combustion reactions (R2−R5). Further, the temperature of the particle
was tracked under the discrete phase modelling (DPM).

Tables 4.3, 4.4 and 4.5 illustrate comparisons between the current numerical simulations and
the experimental measurements [37] [38] of coal and biomass particles combustion under vary-
ing gas conditions. In total, 81 data points were used for comparison. The existence of a close
agreement between the simulated and measured data is evident and the error of particle maxi-
mum temperature is within 2.5% for all cases. Given these, we can conclude that the numerical
model is validated.

4.5 Particle mass loss and particle position

The single biomass or coal particle mass and position were tracked and recorded under DPM
model during the numerical simulations. The calculated history of particle mass loss under dif-
ferent concentrations of oxygen and for both active and quiescent flow conditions is shown in
Fig. 4.5. The temporal location during the transient combustion process is given in Fig. 4.6.
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Figure 4.5: Illustration of single particle mass loss under various gas conditions.

Figure 4.5a and 4.5b show the particle mass loss during a single biomass particle combustion
under O2/N2 and O2/CO2, respectively. The similar trend is observed in the figures. It is clear
that the inflection points of the curves divide the whole process of particle combustion into two
stages: devolatilisation stage and char combustion stage. The mass loss of the particle within
the first few milliseconds is quite significant, which corresponds to devolatilisation stage prior to
the particle ignition. Over this stage large molecules are decomposed to lighter gas phase matter
and are released to the surrounding atmosphere. Figures 4.5a and 4.5b further show that ignition
of the particle majorly impedes the rate of mass loss and for all investigated oxygen concentra-
tions the char burning stage lose mass much slower than the devolatilisation stage. Increasing
the concentration of oxygen accelerates the combustion process and hence the rate of mass loss.
However, regardless of the composition of the surrounding atmosphere, most the particle mass
is lost during the devolatilisation. This is to be anticipated as the proximate analysis (dry ash
free basis), shown in the section 3.1, indicates that more than 80% of the biomass particle mass
consists of volatiles.
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Figure 4.6: Illustration of single particle position under various gas conditions.

The results of a single coal particle combustion under active and quiescent flow conditions with
varying oxygen concentrations are reported in Fig. 4.5c and 4.5d. Same to biomass combustion,
the devolatilisation stage and char combustion stage are distinguished clearly in the particle
mass loss curves. There are no significant differences of the process devolatilisation at various
gas conditions. However, the depletion rate of char particle is accelerated by the increased oxy-
gen concentration under both active and quiescent flow conditions.

Figure 4.6 presents the temporal position of the fuel particle for every one millisecond dur-
ing the transient combustion process. The time interval between points is 1.5 ms. Figure 4.6a
and 4.6b refer to biomass particles under active O2/N2 and O2/CO2 environments, respectively,
and Fig. 4.6c and 4.6d are for coal particles under active and quiescent O2/N2 environments
respectively. The figures indicate that the particle kinematics, are highly affected by the mass
loss. As expected, over the early stage of the particle release it accelerates downward. Yet,
Figure 4.6 shows that the acceleration decreases significantly towards the end of the particle life
time with the time interval of 2ms. This is due to the mass loss of the particle, which has pro-
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gressively increased the relative significance of aerodynamic drag forces in comparison with the
gravitational forces. Thus, the particle motion has become quite slow just before the completion
of transient combustion process.

4.6 Spatio-temporal dynamics of gas-phase temperature

The temperature field within the near particle region for different moments after release of the
single biomass or coal particle under various gas conditions is depicts in Figs. 4.7 and 4.8. As
expected, the fluid flow, for almost the entire domain, is isothermal and at 1200K. An exception
to this is a small area very close to the particle. Figures 4.7a and 4.7b show the results of single
biomass particle combustion under active O2/N2 atmospheres.

(a) AF: 37%O2 & 63%N2 (3-4-7-11ms) (b) AF: 77%O2 & 23%N2 (3-6-8-12ms)

(c) AF: 37%O2 & 63%CO2 (2-6-10-14-18ms) (d) AF: 100% O2 (3-5-7-9-11ms)

Figure 4.7: Spatio-temporal distribution of gas-phase temperature during Bagasse particle com-
bustion. AF: Active Flow.

In Fig. 4.7a, the mole fraction of oxygen is 37%. The first part of this figure (the left most
subfigure) corresponds to 3ms after the release of the particle, which is prior to ignition. Due to
the endothermic devolatilisation process, the temperature has dropped to around 1100K in the
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vicinity of the particle. After 5ms the particle has already ignited and passed its peak tempera-
ture, the location of the particle and the reactive gas around it are completely clear in the second
subfigure of Fig. 4.7a.

The subsequent two subfigures correspond to the final stage of combustion in which the par-
ticle becomes exceedingly small and the temperature of the reactive region has decreased. The
same qualitative behaviour is observed in Fig. 4.7b for oxygen mole fraction of 77%. In this fig-
ure, the temperature of the burning particle after 6ms is 2000K. This is subsequent to the ignition
and occurrence of the peak temperature. The particle and flow temperature drop significantly
towards the end of the particle life time. Figure 4.7b also shows the temperature of the domain
after the completion of the transient burning process. Importantly, the none-reactive flow at this
stage still features significant temperature gradients. As will be discussed later, this has major
influences upon the transient irreversibilities of the process.

The temperature field within the near particle region when the Bagasse particle combustion hap-
pened in active O2/CO2 gas conditions is given in Fig. 4.7c and 4.7d. Figure 4.7c corresponds
to an atmosphere consisting of 37% O2 and 63% CO2 on molar basis. The left most subfig-
ure refers to 2ms after the release of the particle, which is prior to particle ignition. However,
the oxidisation of volatiles (R6), which can happen almost simultaneously with the devolatili-
sation process (R1), has led to the formation of hot cloud of reactive gases around the particle.
It is important to note that gas temperature significantly drops as the surface of the particle is
approached. This is because volatiles oxidation reactions can only occur in gas-phase and the
devolatilisation process is endothermic and thus cools the gas in the immediate surroundings of
the particle. As the particle combustion process progresses, the temperature difference disap-
pears but the gas around the particle still has a higher temperature than the domain. In the late
combustion stage, the particle becomes exceedingly small due to the depletion of char combus-
tion (R2-R5), and both the temperature and size of the reactive region decrease.

Figure 4.7d shows the transient combustion behaviour when the particle burns in pure oxy-
gen, which is markedly different with that under 37% O2 and 63% CO2 conditions (Fig. 4.7c).
In this figure, the temperature of the burning particle at 3ms is almost 2400K. The volatiles and
char combust at the same time, thus the peak temperature appears in the middle of the reactive
region, and the particle and flow temperature drop significantly towards the end of the particle
life time. It should be noted that as the first figure accounts for 2ms and 3ms in case c and case
d, respectively and combustion is more intense at higher oxygen concentrations, the temperature
difference becomes more noticeable in case c than case d. As discussed later, the temperature
evolution is heavily dependent upon the oxygen concentration and type of the atmosphere.
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(a) AF: 21%O2 & 79%N2 (9-19-29-39-49ms) (b) AF: 100%O2 (7-11-15-19-23ms)

(c) QF, 40%O2&60%N2 (20-30-40-50-60ms) (d) QF: 80%O2&20%N2 (14-20-26-32-38ms)

Figure 4.8: Spatio-temporal distribution of gas-phase temperature during DECS-11 particle
combustion. AF: Active Flow, QF: Quiescent Flow.

Two different oxygen concentrations have been shown for the cases with active and quiescent
flow of single particle combustion (see Fig. 4.8). The time intervals between the snapshots have
been maintained constant. The investigated periods start from a moment after the ignition and
extend for a period longer than the particle life time (Tables 4.4 and 4.5). As a result, the last
parts of each subfigure correspond to non-reactive media. Figure 4.8 clearly shows that in the
course of the burning process, rise of the gas temperature occurs around the particle and also in
a region shortly downstream of the dropping particle. As will be discussed later, the increase
of temperature around the particle is due to the homogenous combustion of volatiles and het-
erogeneous combustion of char. However, the downstream hot gas is formed by the volatiles
combustion. Figure 4.8 indicates that although changes in oxygen concentration alters duration
of the burning process and gas temperature, the qualitative temperature field remains more and
less independent of the mole fraction of oxygen.
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It should be noticed that, under O2/CO2 gas atmosphere, the devolatilisated gas was ignited
once it was released from the biomass particle, which was much prior to the ignition of char
particle. While under O2/N2 gas atmosphere the volatiles and char particle were ignited at the
same time. Actually, the question of whether the volatiles and chars combust sequentially was
studied by Howard et al. [166]. The problem appeared to be complicated and had a relationship
with several factors including the particle size, oxygen concentration, particle density, ignition
temperature of the fuel in a given gas condition, the volatile matter evolved from the fuel.

4.7 Evolution of gaseous species during transient combustion
process

4.7.1 The history of mole fraction of gaseous species

The time trace of mole fraction of the major gaseous species for different atmospheres and
with and without advection, during the single particle combustion process are shown in Fig. 4.9
(Bagasse) and Fig. 4.10 (DECS-11). Here, it should be noted that, the mole fraction of CO2 is
not shown in the cases of CO2-based gas atmospheres due to the little influence caused by the
combustion of single coal or biomass particle.

An air like atmosphere and pure oxygen when a single biomass particle combust under active
flow conditions have been analysed in Figs. 4.9a and 4.9b. The very fast release of volatile mat-
ters within the first few milliseconds of the process is clear in both figures. Ignition is marked
by the onset of CO2 and H2O formation, which expectedly coincides with the peak point in
the volatile formation curve. Immediately after ignition, the concentration of volatiles drops
sharply, while those of CO2 and H2O increase quickly. Figures 4.9a and 4.9b show that in both
cases the rate of formation of water vapour and carbon dioxide are almost exactly the same for
the post ignition period. Nonetheless, for pure oxygen atmosphere, shown in Fig. 4.9b, the rate
of CO2 formation exceeds that of H2O after about 1ms, which is contributed by reaction R2. In
both Figs. 4.9a and 4.9b formation of CO2 and H2O occurs most rapidly, while the products of
volatilisation are burning and hence the mole fraction of volatiles is non-zero. As soon as the
volatiles are totally consumed and the chemical system becomes largely heterogeneous, the rate
of CO2 formation decreases noticeably. Further, the concentration of H2O starts to decrease,
which is due to the consumption of H2O by reaction R5. It should be noted that as Fig. 4.9
depicts, concentration of H2 remains negligibly small during the entire burning process and
therefore the water generation by oxidation of hydrogen is a minor contributor to the total H2O
mole fraction. Formation of carbon monoxide starts just before the end of volatile burning pro-
cess and increases towards a maximum value and reduces to zero at the end of the particle life
time. The reduction of CO life span in pure oxygen (Fig. 4.9b) in comparison with air (Fig. 4.9a)
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(c) Active flow, 37%O2 & 63%CO2
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(d) Active flow, 77%O2 & 23%CO2

Figure 4.9: History of mass-averaged mole fraction of major chemical species during Bagasse
particle combustion.

is completely clear in this figure.

The results of single Bagasse particle burnt in different oxygen concentration of O2/CO2 gas at-
mospheres are shown in Fig. 4.9c and 4.9d. It is noted that under O2/CO2 conditions (Figs. 4.9c
and 4.9d), the peak values of the volatile matters formation curve are much smaller than that
under O2/N2 conditions. This is because, when CO2 is the background gas, the volatiles is
ignited and starts combusting as being released from the biomass particle to the surroundings.
Thus, there is no accumulation stage for the volatile matters to achieve a high peak value like
in O2/N2 atmosphere where the volatiles is ignited much later. The difference of volatiles com-
bustion in different background gas conditions leads to the different appearing time of CO2 and
H2O that are mostly generated through reaction R6. Further, the concentration of H2O starts to
decrease as it reacts with char particle to form H2 and CO (R5). The concentration of H2 remains
negligibly small during the entire burning process due to the consumption of H2 by reaction R8.
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 0

 2

 4

 6

 8

 10

 12

 14

 16

 0  5  10  15  20  25  30  35  40

M
o
le

 F
ra

ct
io

n
 (

*
1
0

8
)

Time (ms)

Vol
H2O
CO
CO2
H2

(b) Active flow, 100%O2

 0

 3

 6

 9

 12

 15

 18

 21

 0  20  40  60  80  100

M
o
le

 F
ra

ct
io

n
 (

*
1
0

8
)

Time (ms)

Vol
H2O
CO
CO2
H2

(c) Quiescent flow, 20%O2 & 80%N2
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(d) Quiescent flow, 100%O2

Figure 4.10: History of mass-averaged mole fraction of major chemical species during DECS-11
particle combustion.

It should be noted that, the concentration of CO increases towards a maximum value and reduces
to zero at the end of the particle life time. Further, the reduction of CO life span is accelerated
by the increased oxygen concentration. In conclusion, Fig. 4.9 confirms that, the combustion
behaviour is quite different under O2/N2 and O2/CO2 conditions. This is particularly the case
when the formation and consumption of volatile matters are considered.

Figure 4.10 shows the the history of mole fraction of the major gaseous species in four selected
cases of single DECS-11 particle combustion. Similar to single biomass particle combustion
process, the release of volatiles immediately after dropping the particle (at t=0 ) is evident. The
mole fraction of volatiles increases at the beginning of the devolatilisation process till it reaches a
maximum value at the moment of ignition. It then drops quickly, indicating the fast combustion
rate of the volatiles. It should be clarified that as Fig. 4.10 and Table 4.3 show, ignition happens
quicker in the active flow compared to the quiescent flow. This is due to the difference in the
initial temperatures of the coal particle in these two cases (see Table 4.2). Ignition and oxidation
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of volatiles results in very fast production of CO2 and H2O through the homogenous reaction
R6. By termination of the combustion of volatiles, the rate of CO2 and H2O production de-
creases significantly. At the char combustion phase, these species are predominantly generated
by reactions R2 and R8. Further, production of a relatively small amount of carbon monoxide
and hydrogen by reactions R3, R4 and R5 can be readily seen in Fig. 4.10. CO and H2 are even-
tually converted to carbon dioxide and water vapour through reactions R7 and R8. According to
Fig. 4.10, the chemical and advection characteristics of the atmosphere have strong effects upon
the formation and consumption of the species. A comparison between Figs. 4.10a and 4.10b
shows that by replacing air with pure oxygen, the concentrations of CO and H2 have majorly
dropped. The same trend can be seen for the cases under quiescent flow shown in Figs 4.10c
and 4.10d. This is because of the fast progress of reactions R7 and R8 in oxygen, which deplete
CO and H2 quickly and hence maintain their concentrations at low levels.

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0  0.2  0.4  0.6  0.8  1

M
a
ss

 F
ra

ct
io

n
 o

f 
O

2

Distance along r axis (mm)

5ms
11ms
17ms
23ms
29ms

(a) Active flow, 21%O2 & 79%N2

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 0.45

 0  0.2  0.4  0.6  0.8  1

M
a
ss

 F
ra

ct
io

n
 o

f 
O

2

Distance along r axis (mm)

5ms
11ms
17ms
23ms
29ms

(b) Active flow, 37%O2 & 73%N2

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0  0.2  0.4  0.6  0.8  1

M
a
ss

 F
ra

ct
io

n
 o

f 
O

2

Distance along r axis (mm)

5ms
11ms
17ms
23ms
29ms

(c) Active flow, 68%O2 & 32%N2

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1.1

 0  0.2  0.4  0.6  0.8  1

M
a
ss

 F
ra

ct
io

n
 o

f 
O

2

Distance along r axis (mm)

5ms
11ms
17ms
23ms
29ms

(d) Active flow, 100%O2

Figure 4.11: Distribution of oxygen mass fraction along a horizontal line initiating at the particle
centre during DECS-11 particle combustion.
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4.7.2 Radial distribution of oxygen concentration during combustion pro-
cess
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(b) Quiescent flow, 40%O2 & 60%N2
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(c) Quiescent flow, 60%O2 & 40%N2
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Figure 4.12: Distribution of oxygen mass fraction along a horizontal line initiating at the particle
centre during DECS-11 particle combustion.

Consumption of oxygen is an important parameter governing the combustion process and
thus the evolution of oxygen boundary layer is of high significance. Figures 4.13-4.12 show the
radial distribution of the mass fraction of oxygen for selected instances of time after releasing
the single coal or biomass particle. Each graph shows the variations in the mass fraction of
oxygen along a radius that initiates from the external surface of the particle and penetrates for
1mm into the surrounding gases.

All four different concentrations of oxygen when the Bagasse particle burnt in O2/N2 atmo-
sphere have been investigated in Fig. 4.13. For the lowest concentration of oxygen in Fig. 4.13a,
oxygen mass fraction in the vicinity of the particle drops at the moment of ignition (3ms) and
continues to decrease for the first 6ms before it rises again in the rest of the burning process. This
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(c) Active flow, 77%O2 & 23%N2
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(d) Active flow, 100%O2

Figure 4.13: Distribution of oxygen mass fraction along a horizontal line initiating at the particle
centre during Bagasse partile combustion.

figure shows that particle combustion can affect oxygen concentration of the surrounding gas for
a maximum radial distance of about 400µm from the external surface of the particle. Increasing
the concentration of oxygen in Figs. 4.13b, 4.13c and 4.13d results in the following changes.
First, the radial extent of oxygen depletion extends significantly. For instance, Fig. 4.13b shows
that under 37% mole fraction of oxygen burning can influence the concentration of oxygen up
to 800µm away from the surface. Second, the decrease in the mass fraction of oxygen becomes
a lot more pronounced. Figure 4.13c, for instance, shows that mass fraction of oxygen drops
from nearly 0.8 far from the particle to almost 0.3 on the surface of the particle. However, this
value is considerably smaller in Fig. 4.13a. Given that the mass of particle and hence the total
amount of fuel is fixed in all investigated cases, this result may seem counterintuitive. How-
ever, it should be recalled that combustion duration becomes significantly faster under oxygen
enriched atmospheres (see Table 4.3). Hence, although the total amount of oxygen for complete
oxidation of the fuel particle is unchanged, the rate of oxygen consumption in Figs. 4.13b, 4.13c
and 4.13d is generally higher than that in Fig. 4.13a. The difference when the single biomass
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(c) Active flow, 77%O2 & 23%CO2
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(d) Active flow, 100%O2

Figure 4.14: Distribution of oxygen mass fraction along a horizontal line initiating at the particle
centre during Bagasse particle combustion.

particle burnt in O2/CO2 gas conditions is the oxygen consumption at the beginning stage after
releasing the particle. It is clearly shown in Fig. 4.14a-4.14c that the mass fraction of oxygen is
much lower at the time t=3ms. The consumption of oxygen is caused by the oxidation reaction
of the devolatilizated gases (R6) where it happened along with the appearance of the volatile
matters.

Figures 4.11 and 4.12 show the radial distribution of oxygen mass fraction at different times
during the single coal particle burning process. Both active (Fig. 4.11) and quiescent (Fig. 4.12)
flows with varying concentration of oxygen have been investigated. Reduction of oxygen con-
centration near the particle is evident in all subfigures. At early times this is due to the ho-
mogenous oxidation of volatiles (R6), whereas during the char combustion the heterogeneous
reactions R2 and R3 as well as the homogeneous oxidation of CO (R7) and H2 (R8) consume
oxygen. Figure 4.11 provides a clear indication about the thickness of the concentration bound-
ary layer formed by the oxygen deficit. This is where, for a given instance of time, the oxygen
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concentration profile asymptotically approaches that of the longest duration of time (29ms for
the active flow and 50ms for quiescent flow). Figure 4.11 show that, under active flow, increasing
the mole fraction of oxygen results in the growth of the thickness of the concentration boundary
layer. Further, the amount of oxygen deficit within the boundary layer increases significantly as
the mole fraction of the oxygen increases. It is important to note that as the initial mass of the
particle has been maintained constant throughout all experiments, the total amount of oxygen
consumed in the course of the burning process is fixed. The faster combustion in oxygenated
atmospheres causes consumption of the required oxygen in a short time, rendering smaller con-
centrations of oxygen in the vicinity of the coal particle. This behaviour is equally observable
in cases under active flow (Fig. 4.11) and also for those under the quiescent flow (Fig. 4.12).

4.7.3 Spatio-temporal distributions of gaseous species

(a) AF: 21%O2 & 79%N2 (5-9-13-17-21ms) (b) AF: 77%O2 & 23%N2 (5-7-9-11-13ms)

(c) AF: 37%O2 & 63%CO2 (2-6-10-14-18ms) (d) AF: 100%O2 (3-5-7-9-11ms)

Figure 4.15: Spatio-temporal distribution of mass fraction of CO2 during Bagasse particle com-
bustion. AF: Active Flow.
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(a) AF: 21%O2 & 79%N2 (9-19-29-39-49ms) (b) AF: 100%O2 (7-11-15-19-23ms)

(c) QF: 40%O2 & 60%N2 (20-30-40-50-60ms) (d) QF: 80%O2 & 20%N2 (14-20-26-32-38ms)

Figure 4.16: Spatio-temporal distribution of mass fraction of CO2 during DECS-11 particle
combustion. AF: Active Flow, QF: Quiescent Flow.

Spatio-temporal distributions of different chemical species CO2, CO, H2O and H2 are inves-
tigated to give a deeper insight to the mass transfer during the transient coal and biomass particle
combustion process.

Figures 4.15a-d show the spatio-temporal distribution of CO2 for the four considered gas con-
ditions. They are active 21% O2/N2 (Fig. 4.15a), 77% O2/N2 (Fig. 4.15b), 37% O2/CO2

(Fig. 4.15c) and 100% O2 (Fig. 4.15d), respectively. Formation of a large amount of CO2 shortly
after the ignition is evident in Fig. 4.15a. This is due to the oxidisation of the volatiles, as de-
noted by the homogenous reaction R6. The subsequent production of carbon dioxide in the
vicinity of the particle by reactions R2 and R7 is clear in other subfigures of Fig. 4.15a. These
subfigures also show that the initial cloud of CO2 diffuses out and is partially advected down-
stream. Notably, it is inferred from Fig. 4.15a that the production of carbon dioxide occurs
chiefly by homogenous reactions almost immediately after ignition. This finding can be found
when tracing the formation history of mole fraction of CO2 (Fig. 4.9a). At higher mole frac-
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(a) AF: 21%O2 & 79%N2 (5-9-13-17-21ms) (b) AF: 77%O2 & 23%N2 (5-7-9-11-13ms)

(c) AF: 37%O2 & 63%CO2 (2-6-10-14-18ms) (d) AF: 100%O2 (3-5-7-9-11ms)

Figure 4.17: Spatio-temporal distribution of mass fraction of CO during Bagasse particle com-
bustion. AF: Active Flow.

tion of oxygen, shown in Fig. 4.15b, the qualitative trend of carbon dioxide generation remains
largely unchanged. No CO2 is observed prior to the ignition and the post-ignition plume of CO2

is advected and diffuses during the transient burning process. However, a comparison between
Figs. 4.15a and 4.15b reveals that under 77% oxygen mole fraction and for the entire combus-
tion process, the highest concentration of CO2 within the reactor is situated close to the particle.
This is clearly not the case in Fig. 4.15a in which the CO2 concentration around the burning
particle is considerably smaller than that produced by combustion of devolatilisation gases. The
disparity can be attributed to the intensification of reaction R2 and also R3+R7 due to higher
oxygen concentration.

Figure 4.15c and 4.15d show the spatio-temporal distribution of CO2 for the two specified oxy-
gen concentrations in O2/CO2 gas environment. Due to the homogeneous reaction (R6), a large
amount of CO2 is formed immediately after the combustion of the volatiles. Yet, the CO2 cloud
diffuses quickly into the background atmosphere, which leaves the high concentration of CO2 to
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(a) AF: 21%O2 & 79%N2 (9-19-29-39-49ms) (b) AF: 100%O2 (7-11-15-19-23ms)

(c) QF: 40%O2 & 60%N2 (20-30-40-50-60ms) (d) QF: 80%O2 & 20%N2 (14-20-26-32-38ms)

Figure 4.18: Spatio-temporal distribution of mass fraction of CO during DECS-11 particle com-
bustion. AF: Active Flow, QF: Quiescent Flow.

the vicinity of the particle. The results of pure oxygen concentration are reported in Fig. 4.15d.
Due to the simultaneous combustion of volatiles and char in this case, there is no concentration
gradient at the centre of the CO2 cloud. Further, in the absence of the CO2 background gas, the
cloud of CO2 formed during the combustion process appears clearer in this figure.

Similar to the biomass particle combustion in O2/N2 atmosphere, when the coal particle burning
in air (Fig. 4.16a), a large amount of CO2 is generated shortly after the ignition. Combustion
of volatiles described by reaction R6, combustion of CO (R7) and also heterogeneous char com-
bustion (R2) contribute with the generation of carbon dioxide. Amongst these, oxidation of
volatiles happens immediately after the ignition and progresses quickly. As a result, there is a
large of amount of CO2 production in the early stage of the burning process (Fig. 4.16a). As
time elapses, the CO2 cloud formed by combustion of volatiles diffuses into the atmosphere,
while being advected downstream by the motion of the atmosphere. Since the products of the
homogeneous combustion of volatiles are at high temperature (see Fig. 4.8), the buoyancy forces
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(a) AF: 21%O2 & 79%N2 (5-9-13-17-21ms) (b) AF: 77%O2 & 23%N2 (5-7-9-11-13ms)

(c) AF: 37%O2 & 63%CO2 (2-6-10-14-18ms) (d) AF: 100%O2 (3-5-7-9-11ms)

Figure 4.19: Spatio-temporal distribution of mass fraction of H2O during Bagasse particle com-
bustion. AF: Active Flow.

slow down the downstream motion of the CO2 cloud. Hence, in Fig. 4.16a, there appears to be
two distinctive regions with high CO2 concentration. This is less pronounced under combustion
in pure oxygen shown in Fig. 4.16b in which the short duration of combustion does not allow
for the buoyancy forces to develop two distinctive regions of high CO2 concentration.

Figures 4.17 and 4.18 show the spatio-temporal variations of carbon monoxide concentration
during combustion of the biomass and coal particle in various conditions. Figure 4.17a depicts
the evolution of CO in single Bagasse particle combustion under active 21% O2/N2 atmosphere,
a small cloud of CO appears around the particle shortly after the ignition. As the process con-
tinues, the amount of CO increases as a result of the progress in R3 and R4 reactions. This is
represented by the growth of the cloud of CO around the particle. However, at the end of the
particle life time (t=21ms), the concentration of CO drops to zero. This is due to the conversion
of CO to CO2 by reaction R7 and is an indication of the completion of the combustion process.
For 77% O2/N2 molar concentration, Fig. 4.17b shows that no CO is generated prior to ignition



CHAPTER 4. EVOLUTION OF SINGLE PARTICLE COMBUSTION 75

(a) AF: 21%O2 & 79%N2 (9-19-29-39-49ms) (b) AF: 100%O2 (7-11-15-19-23ms)

(c) QF: 40%O2 & 60%N2 (20-30-40-50-60ms) (d) QF: 80%O2 & 20%N2 (14-20-26-32-38ms)

Figure 4.20: Spatio-temporal distribution of mass fraction of H2O during DECS-11 particle
combustion. AF: Active Flow, QF: Quiescent Flow.

of the biomass particle and similar to that observed in Fig. 4.17a, after the transient burning there
is no CO left in the gas atmosphere. It should be noted that as the legend of Fig. 4.17b indicates
the concentration of CO in oxygen enriched atmosphere is higher compared to that with 21% of
oxygen mole fraction.

The production process of CO when the biomass particle burnt in O2/CO2 atmosphere is shown
in Fig. 4.17c and 4.17d. When the reactions R3 and R4 starts with the ignition of the particle, a
small amount of CO is generated in the vicinity of the particle for both investigated gas condi-
tions. Figure 4.17c shows that in the case of 37% molar fraction of oxygen, the CO cloud keeps
growing as the combustion process progresses. This is driven by the high concentration of CO2

as the background gas. The higher concentration of CO2 leads to more CO generation through
reaction R4 during the char combustion process and inhibition of oxidation of CO by reaction
R7. However, under 100% O2, the consumption rate of CO is quicker and it is converted to CO2

after 7ms (R7).
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(a) AF: 21%O2 & 79%N2 (5-9-13-17-21ms) (b) AF: 77%O2 & 23%N2 (5-7-9-11-13ms)

(c) AF: 37%O2 & 63%CO2 (2-6-10-14-18ms) (d) AF: 100%O2 (3-5-7-9-11ms)

Figure 4.21: Spatio-temporal distribution of mass fraction of H2 during Bagasse particle com-
bustion. AF: Active Flow.

The temporal variation of CO distribution during single coal particle combustion has been de-
picted in Fig. 4.18. In both parts of this figure, the existence of CO is limited to a small region
around the particle. This is due to the fact that the production of CO is through reactions R3−R5

, which are all heterogeneous. Figure 4.18a indicates that the thickness of CO concentration
boundary layer is larger than that in Fig. 4.18b. This can be explained by noting that shorter du-
ration of the process in Fig. 4.18b, which corresponds to an oxygenated atmosphere, reduces the
time available for the diffusion of carbon monoxide into the surrounding atmosphere. Since CO
is an intermediate species and by the end of the combustion process it is totally consumed, the
right most snapshots in Fig. 4.18b show almost no carbon monoxide. The little amount of CO
observed in the last snapshot of Fig. 4.18a is because of the slow kinetics of carbon monoxide
oxidation and will eventually disappear due to the oxidation of CO and conversion to CO2 (R7).
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(a) AF: 21%O2 & 79%N2 (9-19-29-39-49ms) (b) AF: 100%O2 (7-11-15-19-23ms)

(c) QF: 40%O2 & 60%N2 (20-30-40-50-60ms) (d) QF: 80%O2 & 20%N2 (14-20-26-32-38ms)

Figure 4.22: Spatio-temporal distribution of mass fraction of H2 during DECS-11 particle com-
bustion. AF: Active Flow, QF: Quiescent Flow.

Production of water vapour has been investigated in further details in Fig. 4.19 and Fig. 4.20.The
water vapour is a gas phase product as a consequence of the combustion of volatile matters (R6)
and the oxidation of hydrogen (R8). There is still some water vapour reacting with char to form
hydrogen and carbon monoxide by reaction R5. As a consequence of reaction R6, gas phase
combustion of volatile matters results in the generation of a large amount of water vapour in the
early stages of the transient combustion. This can be clearly seen in Fig. 4.19a (for 21% O2/N2).
Further, at the higher oxygen concentration case, shown in Fig. 4.19b (for 77% O2/N2), there
is no water vapour prior to ignition, while ignition of the particle generates a dense cloud of
water vapour. In both low and high oxygen cases, the water vapour cloud diffuses towards the
surrounding gases and at the same time is advected downstream. This behaviour can be clearly
seen in Fig. 4.19a. Nonetheless, the downstream motion of the water vapour cloud is less notice-
able in Fig. 4.19b. This could be related to buoyancy effects, water molecules are lighter than
the average molecular weight of the atmosphere in both investigated cases. However, by in-
creasing the concentration of oxygen the molecular weight of the gaseous atmosphere increases
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and hence the buoyancy forces acting on the water vapour cloud is magnified. This effect tends
to maintain most of the generated water vapour at the top section of the reactor in Fig. 4.19b.

Figures 4.19c and 4.19d report the spatio-temporal distribution of H2O for 37% O2 & 63%
CO2 and 100% O2, respectively. It can be clearly seen that under 37% O2 and 63% CO2 envi-
ronment, a large cloud of water vapour appears once the volatiles combust and it diffuses into
the surrounding gases, while being advected downstream. The highest concentration of water
vapour cloud appears at the first milliseconds and it becomes much slighter at the last stage of
particle combustion due to the continuous diffusion. Under pure oxygen environment, water
vapour through the combustion of volatile matter and hydrogen reaction with oxygen is formed
after the ignition of particle. It should be noted that the downstream motion of the water vapour
cloud is less noticeable at higher oxygen concentration conditions. This could be related to the
buoyance effects, which hinder the downstream motion of H2O cloud in pure oxygen environ-
ment. The shorter particle life (Table 4.3) at higher oxygen concentration conditions also results
in different positions of biomass particle and changes in H2O cloud.

Figure 4.20 illustrates the temporal evolution of water vapour during the coal particle burning
process. It is clear that a large amount of H2O is produced after the ignition through oxidation
of volatiles (R6). Water vapour is also produced by the oxidation of hydrogen (R8), which in
turn is produced in a heterogeneous reaction of steam gasification of coal (R5). As a result, there
are two local sources of H2O. One is located within the flame produced by the combustion of
volatiles and the other is around the burning particle. The progressive diffusion of the H2O cloud
into the surrounding atmosphere is apparent in Figs. 4.20a and 4.20b. Similar to that explained
with regard to CO2 in Fig. 4.16, the buoyancy forces hinder the downstream motion of H2O
cloud and thus as time goes on there are two distinctive regions in the reactor with significant
H2O concentration.

Unsteady production and the subsequent consumption of hydrogen during the combustion pro-
cess is depicted in Fig. 4.21 and Fig. 4.22. Hydrogen is produced by water gas reaction (R5) and
is then consumed by hydrogen oxidation reaction (R8). The second reaction supports the first
one through production of water vapour. Nonetheless, the hydrogen is totally consumed by the
end of the particle life time.

In Figure 4.21a indicating single Bagasse particle burning in active 21% O2/N2 conditions,
the formation of hydrogen continues for the first three demonstrated snapshots. However, after
17ms the amount of hydrogen has decreased and it has completely disappeared by the end of
the particle life time. This is because of the oxidation of hydrogen to water vapour by reactions
R8. A similar trend is observed in Fig. 4.21b and below 77% mole fraction of oxygen, wherein
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hydrogen is produced throughout most of the burning process but is ultimately totally converted
to water. Yet, the transient concentrations of hydrogen in Fig. 4.21b are significantly higher than
those of Fig. 4.21a. This increase could be attributed to two factors of higher temperature of the
gas and water vapour concentration in the vicinity of the burning biomass particle. Hotter gas
favours the progress of endothermic water gas reaction and boosts hydrogen production through
reaction R5. At the same time, the added hydrogen results in generation of more water vapour by
reaction R8, which in turn intensifies reactions R5 and results in depletion of hydrogen. Another
contributor to hydrogen production at higher oxygen concentrations is reaction R6 in which high
oxygen concentration leads to fast generation of water vapour and hence accelerates reaction R5.

The similar trend is observed in Fig. 4.21c for 37% O2 and 63% CO2 and Fig. 4.21d for 100%
O2. There is no hydrogen generation prior to ignition in Figs. 4.21c and 4.21d after 8.7ms and
3.7ms, respectively. This is to be expected as devolatilisation does not produce any hydrogen.
Hydrogen has a short accumulation period after ignition but has decreased and completely dis-
appeared at the end of the combustion process. This is because of the oxidation of hydrogen to
water vapour by reaction R8. Further, a higher transient concentration of hydrogen is found in
Fig. 4.21d. There are two factors that could lead to this increase. First, the higher gas phase
temperature of the reactive region and second the higher water vapour concentration surround-
ing the particle, which could boost reaction R5.

Figure 4.22 indicates that the oxygen concentration has a strong effect upon H2 concentration
boundary layer during single coal particle combustion. Combustion in air (Fig. 4.22a) generally
results in a thicker boundary layer compared to that in pure oxygen (Fig. 4.22b). This is due to
the wide diffusion of hydrogen into the surrounding atmosphere in air, which does not happen in
pure oxygen. Given that the binary diffusion coefficient of hydrogen in air is not very different
to that in oxygen, the disparity can be attributed to the longer process time of combustion in air.
This is also clear by comparing the distance that hydrogen plume travels in each case.

4.8 Summary and Conclusions

Transient combustion of single biomass and coal particle burning inside a drop-tube furnace and
within an oxygen/nitrogen or oxygen/carbon dioxide atmosphere and for active and quiescent
flows was investigated numerically. The process of devolatilisation, combustion of volatiles and
char and also post-combustion diffusion of heat and mass into the atmosphere were analysed in
detail. The numerical simulations were compared favourably against the existing experimental
results for the particle ignition delay time, particle life time and the maximum particle temper-
ature. The results were then used to calculate the spatio-temporal evolutions of the temperature
and major gaseous species for the duration of combustion and beyond. The main findings of this
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chapter can be summarised as follows.

1. Homogeneous combustion of devolatilised gases tends to dominate the temperature and
chemical species concentration when the single particle burning at lower concentrations
of oxygen.

2. For higher oxygen concentrations, the post combustion homogenous and heterogeneous
reactions become increasingly more influential upon the temperature and species concen-
tration fields.

3. For all investigated cases, the highest rate of chemical reactions occurs during combustion
of volatiles. The initation of char combustion is always associated with slowing down the
reactions.

4. The combustion behaviour of single biomass particle is significantly different in O2/N2

and O2/CO2 atmospheres. The volatile matters combust prior to the ignition of the particle
in O2/CO2, while the volatiles and chars combust sequentially in O2/N2 conditions.



Chapter 5

Prediction of NOx and SOx emissions from
a single biomass particle

As the nitrogen and sulphur in a single biomass particle is quite low, the NOx and SOx formations
can be computed by post-processing. Therefore, based on the validated numerical combustion
model, the NOx and SOx modelling are conducted to investigate the pollutants emission char-
acteristics under varying oxygen concentrations and different background gas environments.
This chapter presents the calculated NO and SO2 PPM and their emission rates when a single
biomass particle burning under O2/N2 and O2/CO2 gas conditions with oxygen concentration
varying from 21% to 100%. Further, the formation process of N species (NO, NH3, H2S) and
S species (SO2, H2S, SO3) are tracked under various gas conditions to analyse the effects of
oxygen concentration and CO2 background gas.

5.1 Validation of partition assumption

As mentioned in section 2.3, the nitrogen and sulphur contained in biomass particle are assumed
to be distributed evenly between the volatile matters and the char. The mass fraction of nitrogen
and sulphur in Bagasse particle which was used in this work are given in Table 4.1, but the
distribution of N and S in the volatile and char are unknown. The specific distribution varies
in different kinds of biomass fuel and it needs to be measured for each kinds of fuel. The total
amounts of the NOx and SOx emissions are influenced by the distribution of N and S in the
volatile and char, and the partition fraction of intermediates. However, the trends under different
runs of fraction assumptions are nearly the same, as confirmed by Blaid et al. [159] who ran
five cases with different partition assumptions to match with the experimental results. In order
to conduct the qualitative analysis of NOx and SOx emissions under various gas conditions,
five kinds of partition assumptions of nitrogen in the volatile and char are used to validate that
the changing trends of NOx emission are the same under different chemical composition of the
surrounding atmospheres. The partition assumptions are shown in Table 5.1.

81
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Table 5.1: Partition assumptions of Nitrogen
Case 1 Case 2 Case 3 Case 4 Case 5

Partition of Volatile-N 50% 30% 70% 50% 50%

Partition of Char-N 50% 70% 30% 50% 50%

Partition of HCN 50% 50% 50% 60% 30%

Partition of NH3 10% 10% 10% 20% 30%

Partition of NO 40% 40% 40% 20% 40%
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(c) Case 3

 0

 0.5

 1

 1.5

 2

 2.5

27 37 77 100

M
a
s
s
 F

ra
c
ti
o
n
 (

*
1
0

1
0
)

Oxygen Concentration (%)

(d) Case 4

 0

 0.5

 1

 1.5

 2

 2.5

27 37 77 100

M
a
s
s
 F

ra
c
ti
o
n
 (

*
1
0

1
0
)

Oxygen Concentration (%)

(e) Case 5

Figure 5.1: Mass fraction of NO in O2/N2 environments with partition assumptions (t=100ms).

The changing trend of total mass fraction of NO and NH3 and the formation process of NO
and NH3 during combustion under different gas conditions are used to validate the partition
assumption. When presenting the formation process, the percentage of species is in terms of the
peak value. The compared results are shown in Figs 5.1-5.6. It is clear from these figures that,
although the total amounts vary, the changing trends under varying gas conditions for different
partition assumptions are the same in general. This indicates that changes in distribution of
nitrogen in the volatile and char does not influence the qualitative analysis in any considerable
way. The validation are done for sulphur particle assumption and the conclusion is the same.
The results are given in Appendix C in detail. Given this, the qualitative analysis to investigate
the effects of oxygen concentration and CO2 background gas on NOx and SOx emissions can be
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Figure 5.2: Mass fraction of NO in O2/CO2 environments with partition assumptions
(t=100ms).
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Figure 5.3: Mass fraction of NH3 in O2/N2 environments with partition assumptions (t=100ms).
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Figure 5.4: Mass fraction of NH3 in O2/CO2 environments with partition assumptions
(t=100ms).
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Figure 5.5: NO formation during combustion process under varying gas conditions with partition
assumptions.
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Figure 5.6: NH3 formation during combustion process under varying gas conditions with parti-
tion assumptions.

conducted based on a specified partition assumption. In this work, case 1 of Table 5.1is selected.

5.2 Overall NO and SO2 PPM

The overall NO and SO2 PPM under varying O2/N2 and O2/CO2 conditions in the late stage
(t=100ms) of single biomass particle combustion are presented in Fig. 5.7 and 5.8. Referring
to NO PPM (Fig. 5.7), it is clearly seen that when replacing the background gas from N2 to
CO2, the overall NO PPM is sharply reduced, and is about five orders of magnitude lower in
all oxygen concentrations. This is because compared with O2/N2 environments, there is no for-
mation of thermal-NOx and only fuel-NOx is generated under O2/CO2 gas atmospheres during
biomass particle combustion process. This comparison also confirms that thermal-NOx accounts
for most of NO emissions in high temperature O2/N2 based combustion mode and cannot be
ignored. Further, Fig. 5.7 shows that, under either N2 or CO2 based gas conditions, the higher
the oxygen concentration correlates with the lower NO PPM emissions. There is a significant
decrease in NO PPM under O2/N2 atmospheres when increasing oxygen concentration, and
the NO emissions generated in pure oxygen condition is negligible compared with the other
cases. Under O2/CO2 gas conditions, the NO PPM drops sharply when oxygen concentration
increases from 27% to 37%, but it decreases slightly when oxygen concentration increased up to
77% and 100%. This is because the yield of HCN and NH3 decreased due to less CO formation
and higher combustion temperature at higher oxygen concentrations [85] [174].
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Figure 5.7: Overall NO PPM under various gas conditions
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Figure 5.8: Overall SO2 PPM under various gas conditions.

A comparison of SO2 PPM generations is displayed in Fig. 5.8. It should be noted that, there is
more SO2 generated in CO2 based atmospheres than that in N2 based cases, and the difference
is about two orders of magnitude. In particular, under O2/N2 gas atmospheres, the amount of
SO2 formed during the combustion process decreased rather moderately with increases in oxy-
gen concentration. The case with 27% mole fraction of oxygen generated the maximum SO2

in all investigated cases, but the difference in SO2 generation is small when oxygen concen-
tration raises to 37%, 77% and 100%. However, under CO2 based gas conditions, the oxygen
concentration has a much greater impact on SO2 PPM. This is particularly the case at lower O2
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concentrations, as SO2 PPM dropped markedly when oxygen concentration increased from 27%
to 77%. Yet, there is only a small difference between SO2 generation under 77% and 100% mole
fraction of oxygen.

5.3 Emission rates of NO and SO2

Pollutant emission rate referring to the mass of pollutant emitted per unit heat produced by the
fuel is introduced to compare pollutant emissions between different combustion conditions. The
pollutant emission rate PE (ngJ) is calculated by the empirical formula provided in Ref. [86].

PE =Cp ·Fod ·Dcorr (5.1)

Here, Cp (ng/m3) is the concentration of pollutant, Fod is the oxygen-based dry factor, and Dcorr

is the dilution correction factor. These are calculated by the following equations:

Cp(NO) = 1.880 ·106 · [NOPPM] (5.2)

Cp(SO2) = 2.619 ·106 · [SO2PPM] (5.3)

Fd =
R ·T

P ·LHV
· [ MPC

MC ·CO2 f eed
+

[
100/CO2 f eed−1

]
·MPH

400 ·MH
+

MPS

MS ·CO2 f eed

+
MPN

200 ·MN
+

[
100/CO2 f eed−1

]
·MPO

200 ·MO
]

(5.4)

Dcorr = [CO2 f eed−CO2 f lue]/CO2 f eed (5.5)

where, R is the ideal gas constant, P is the pressure, T is the temperature, LHV is the heating
value of fuel, MPj is the weight percentage of species j in fuel, M j is the molecular weight of
species j, and CO2 f eed and CO2 f lue are the oxygen concentration in the feed and flue gas, respec-
tively.

The results of NO and SO2 emission rates under varying O2/N2 and O2/CO2 atmospheres
during single biomass particle combustion are presented in Figs. 5.9 and 5.10, respectively. It
can be seen that, in both O2/N2 and O2/CO2 gas atmospheres, the emission rate of NO and SO2

diminishes when oxygen concentration increases from 27% to 100%. The NO emission rate
differed greatly under O2/N2 and O2/CO2 gas conditions and it was much smaller when there
was no N2 in the flow. For the emission rate of SO2, it is about ten times larger in O2/CO2 than
O2/N2 gas conditions. In general, the behaviour of NO and SO2 emission rates are consistent
with the overall emissions PPM which are discussed in the above section.
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Figure 5.9: Emission Rate of NO under various gas conditions.
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Figure 5.10: Emission Rate of SO2 under various gas conditions.

5.4 Generation of N and S species during combustion process

The formation process of N species (NO, NH3, H2S) and S species (SO2, H2S, SO3) is in-
vestigated in detail by comparing with particle mass reduction during single biomass particle
combustion. The time traces of pollutants formation compared with biomass particle mass loss
are presented in Figs. 5.11-5.14. The compared pollutants formation percentage in devolatiliza-
tion and char combustion stages under varying oxygen concentration conditions are shown in
Figs. 5.15-5.18.



CHAPTER 5. NOX AND SOX EMISSIONS 89

 0

 20

 40

 60

 80

 100

 0  2  4  6  8  10

Devol Char combustion

P
e
rc

e
n
ta

g
e
 (

%
)

Time (ms)

Mass
NO
NH3
HCN
SO2
H2S
SO3

(a)

 0

 20

 40

 60

 80

 100

 0  20  40  60  80  100

Post combustion

P
e
rc

e
n
ta

g
e
 (

%
)

Time (ms)

Mass
NO
NH3
HCN
SO2
H2S
SO3

(b)

Figure 5.11: Species VS particle mass reduction during single Bagasse particle combustion in
37% O2 & 63% N2.
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Figure 5.12: Species VS particle mass reduction during single Bagasse particle combustion in
77% O2 & 23% N2.

Figure 5.11 shows the evolution processes of particle mass reduction and N and S species forma-
tion when single biomass particle burning in 37% O2/N2 gas condition. The biomass particle
mass reduces rapidly when devolatilization happens and about 85% of the initial mass is lost
during this stage. The char combustion accounts for the remaining 15% of total mass reduction.
The two proportions are quite similar to the proximate analysis of the fuel. Due to the different
reaction rates of devolatilization and char combustion, the changing of particle mass has two
different slopes in the two stages, and different amounts of N and S are released at different
stages of combustion. Therefore, the formation of N and S species differs as well. It can be
clearly seen from Fig. 5.11 that, nearly all NH3, H2S, SO2 and H2S are formed during the pe-
riod of particle combustion which includes the devolatilization and char combustion stages, and
the post-combustion stage where the particle is extinct contributes little. However, the amounts
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Figure 5.13: Species VS Particle mass reduction during single Bagasse particle combustion in
37% O2 & 63% CO2.
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Figure 5.14: Species VS Particle mass reduction during single Bagasse particle combustion in
77% O2 & 23% CO2.

of NO and SO3 keep increasing in both particle combustion and post-combustion stages.

In particular, about 90% of NH3, H2S, SO2 and H2S are produced in the first 4ms and the
rest 10% are formed in the later 6ms. These two instants-4ms and 10ms, are correspond to the
particle ignition delay time and particle life time when the particle burning in 37% O2/N2 atmo-
sphere. This indicates that about 90% of these species are formed during devolatilization process
and the rest (10%) during char combustion process. These species reach the peak amount in the
late stage of char combustion. Further, for the species of NH3 and SO2, there is no decrease
after the particle vanished completely. This indicates that all the reactions related to the gener-
ation and consumption of the species are competitively same during the post-combustion stage.
However, a little amounts of NH3 continues to be consumed to generate more NO in the post-
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combustion stage and little H2S is transferred to SO2 which is converted to SO3 finally. It should
be noted that only 10% of NO and SO3 are formed during particle combustion process, and most
(about 90%) of these pollutants are generated in the post-combustion stage. This is because N2

existing in the flow is transferred to NO through thermal-NOx all the time and thus the amount
of NO rises, and SO3 is formed when SO2 reacts with O2 until it is completely depleted.

The formation processes occurring in 77% O2/N2 gas condition are shown in Figure 5.12. A
comparison between Fig. 5.11 and 5.12 indicates that, when the oxygen concentration increases
from 37% to 77%, the overall variant trend of NOx and SOx species are similar. However, the
accumulation rate of NH3 and SO2 are much slower than that of HCN and H2S in 77% O2/N2

gas atmosphere, while they are quite close in 37% O2/N2 condition. Further, the consumption
rate of NH3 during the post-combustion stage is much faster in higher oxygen concentration
condition. This is because the higher oxygen concentration accelerates the conversion rates of
NH3 to NO and SO2 to SO3. Moreover, the inflection points, which indicates different slopes
and stages are correspond to biomass particle combustion in 77% O2/N2 gas condition. The
first inflection point is around 5ms and the time for HCN and SO2 reaching peak value is around
11ms.

Figure 5.13 presents the mass and emissions species evolution processes under 37% O2/CO2

atmosphere. Evidently, replacing N2 by O2 influences the formation process of the pollutants
significantly. NO, HCN, SO2 continue to increase monotonically, while they have three different
stages. The first stage corresponds to 0-4ms, which is the particle ignition delay time. At this
stage, about 10% NO, HCN and SO2 are formed. The second stage is 4-18ms, which is related
to the char combustion process. The generation rates of NO, HCN and SO2 become larger at
this stage and eventually 50% of NO, 60% of HCN and 50% of SO2 are produced. After the
extinction of the biomass particle, the amount of NO, HCN and SO2 keep increasing in a slow
rate and the formation process of these species continues. For the species of NH3 and H2S, the
amounts accumulate at the beginning with three different increasing rate, and they decrease later.
In addition, compared with 37% O2/N2 gas condition, less NH3 but more H2S are consumed in
the post-combustion stage in 37% O2/CO2 gas condition. Considering the formation of SO3,
the partition of SO3 formed during the particle existing stage (0-18ms) only accounts for about
2% of total SO3 emission. Almost all SO3 is generated after the particle burning out (post-
combustion stage). Figure 5.14 gives the results of 77% O2/CO2 gas condition. About 25% NO
and SO2 and 30% HCN are produced during particle ignition delay time (0-5ms). Another 25%
NO and SO2 and 30% HCN are formed during particle char combustion process (5ms-11ms),
while the rest are formed in post-combustion process.
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By comparing figures referring to O2/CO2 and O2/N2 gas atmospheres, it can be easily found
that, the emissions formation process is quite different in O2/CO2 gas atmosphere from O2/N2

gas atmospheres. As there was no N2 in the flow, all NO was generated from fuel-N, which
is the same as NH3 and HCN. Therefore, the NO shares the same trend as HCN when particle
burning in O2/CO2 gas atmosphere. Meanwhile, CO2 in the flow can restrain the reaction rates
of fuel-N and fuel-S, especially volatile-N and volatile-S, and then extends the time that fuel-N
and fuel-S are converted to NOx and SOx species.

The percentages of HCN, NH3, SO2 and H2S formed in different gas conditions during de-
volatilization and char combustion process (Devol- and Char- respectively) are compared to
show the influences of oxygen concentration and CO2 as background gas on pollutants forma-
tion. The results are shown in Tables 5.2- 5.3 and Figs. 5.15-5.18.

Table 5.2: Percentage of HCN and NH3 formation during Bagasse particle combustion
Gas Conditions Devol-HCN Char-HCN Devol-NH3 Char-NH3

27% O2/N2 89.71 12.23 89.12 5.86

37% O2/N2 87.51 12.44 89.49 6.15

77% O2/N2 85.61 14.55 89.21 10.82

100% O2 81.67 18.29 89.93 10.23

27% O2/CO2 9.32 55.71 18.42 82.21

37% O2/CO2 12.42 48.14 21.82 74.45

77% O2/CO2 31.82 23.45 57.19 40.01

Table 5.3: Percentage of SO2 and H2S formation during Bagasse particle combustion
Gas Conditions Devol-SO2 Char-SO2 Devol-H2S Char-H2S

27% O2/N2 91.52 9.28 92.33 18.74

37% O2/N2 85.79 12.36 87.64 22.27

77% O2/N2 73.31 24.71 74.91 24.85

100% O2 69.15 10.6 70.76 29.11

27% O2/CO2 3.86 53.71 5.72 78.32

37% O2/CO2 5.94 40.54 10.13 67.73

77% O2/CO2 19.73 26.32 32.25 42.35

It can be seen that, under O2/N2 gas atmospheres, over 80% of the N-intermediate HCN is
formed during the devolatilization process and less than 20% is formed during the char com-
bustion process. Further, the oxygen concentration does not significantly affect the formation
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Figure 5.15: HCN formation percentage in devolatilization and char combustion stages under
different gas conditions.
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Figure 5.16: NH3 formation percentage in devolatilization and char combustion stages under
different gas conditions.

percentage. Devol-HCN slowly declines from 89.7%, 87.5%, 85.35% to 81.67% when oxygen
concentration changes from 27% to 100%. Char-HCN slightly increases from 9.89%, 12.4%,
14.55% to 18.29%. Nevertheless, under O2/CO2 gas atmospheres, the effect of oxygen con-
centration is obvious. Higher concentration of oxygen greatly prompts the production of Devol-
HCN and less HCN is formed along with char combustion. A similar changing trend is observed
for Devol-NH3 in O2/CO2 and Char-NH3 under both O2/N2 and O2/CO2 gas atmospheres
along with the changing of oxygen concentration. The formation percentage of NH3 during the
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Figure 5.17: SO2 formation percentage in devolatilization and char combustion stages under
different gas conditions.

 0

 20

 40

 60

 80

 100

 20  40  60  80  100

P
e
rc

e
n
ta

g
e
 (

%
)

Oxygen Concentration (%)

Devol-H2S (O2/N2)
Devol-H2S (O2/CO2)
Char-H2S (O2/N2)
Char-H2S (O2/CO2)

Figure 5.18: H2S formation percentage in devolatilization and char combustion stages under
different gas conditions.

stage of particle devolatilization under O2/N2 environment nearly keeps at 89% whent the oxy-
gen concentration increases from 27% to 100%.

Considering the formation of SO2, the devol-SO2 and char-SO2 show the opposite changing
trend in O2/N2 and O2/CO2 gas atmospheres. Devol-SO2 decreases while char-SO2 increases
when oxygen concentration becomes larger under O2/N2 gas conditions. While replacing N2

with CO2, the changing trend of devol-SO2 and char-SO2 is opposite when increasing oxygen
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concentration. Devol-SO2 only accounts for 5.94% in 37% O2, but it raises up to 19.74% in
77% O2 and up to 69.15% in 100% O2. The proportion of char-SO2 accounts from 40.55%,
20.75% to 28.71% of the SO2 emissions accordingly. The similar trend is found when consid-
ering the effects of oxygen concentration on the formation of H2S during different combustion
stages. Under O2/N2 environment, the maximum formation percentage of H2S during the de-
volatilization stage appears at the lowest oxygen concentration (27%). While under O2/CO2

environment, char-H2S dominates the H2S formation in lower oxygen concentration conditions
instead.

5.5 Summary and Conclusions

The NOx and SOx modelling were conducted based on the validated combustion model. Qual-
itative analysis about the influence of oxygen concentration and O2/CO2 environment on the
pollutant emissions during single biomass particle combustion was conducted. The overall NO
and SO2 PPM and the emission rate of NO and SO2 under O2/N2 and O2/CO2 atmosphere
with varying oxygen concentration were analysed. Further, the formation process of N and S
pollutant species during the transient combustion process is tracked and compared. The main
findings of this work can be summarised as follows.

• It was found that more NOx is emitted in O2/N2 atmospheres than in O2/CO2 due to
the strong formation of thermal NOx. Yet, there are is less SO2 emission in nitrogen
containing atmosphere compared to those in carbon dioxide containing atmospheres.

• NO emission rate is higher in O2/N2 than O2/CO2 atmospheres, while SO2 emission rate
has the opposite trend. When oxygen concentration increases, the emission rates of NO
and SO2 decreased under both atmospheres.

• In O2/CO2 atmospheres, oxygen concentration has a greater influence on the formation
of NOx. Finally, SOx pollutants are observed to be quite sensitive to oxygen concentration
in both O2/N2 and O2/CO2 environments.



Chapter 6

Gas-phase entropy generation in single
particle combustion

This chapter reports the study of the gas-phase entropy generation during the coal and biomass
particle transient combustion process. The irreversibilities (entropy) are generated due to the
irreversible heat transfer, mass transfer and chemical reactions. Generation of entropy is a ther-
modynamic property of a system. As the numerical model has been rigorously validate against
the experimental date, meaning that the unsteady thermodynamics of the reactive flow is simu-
lated correctly, the entropy generation can be calculated by the spatio-temporal model developed
on the basis of the earlier work [120] [181]. Therefore, it can be concluded that the approach
method introducd in Chapter 2.4 is appropriate to investigate the influences of oxygen concen-
tration on irreversibilities caused by thermal, mass and chemical reactions during the single
particle combustion process.

The cases of single Bagasse and DECS-11 particle burnt under active flow with oxygen con-
centration varying from 21% to 100% and single DECS-11 particle burnt under quiescent flow
with oxygen concentration varying from 21% to 100% are considered. The different entropy
generation rates per unit volume at different stages and the history and total entropy generation
of different irreversibilities during the single particle combustion are investigated in detail.

6.1 Spatio-temporal evolution of entropy generation rate per
unit volume

Figures 6.1 and 6.2 demonstrate the local entropy generation during the single Bagasse particle
combustion in 37%O2 & 63%N2 and 77%O2 & 23%N2 under active state, respectively. The
thermodynamic irreversibilities of the process due to heat transfer, mass transfer and chemical
reactions described in Eqs. 3.74, 3.77 and 3.76 were presented separately. The spatial distribu-
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tions of entropy generation by each of these sources for selected instances of time and oxygen
concentrations in the atmosphere are displayed in these figures. The horizontal axes of the sub-
figures in these two figures show the radial distance from the reactor centreline and the vertical
axes represent the downward vertical distance from the particle releasing point.

(a) Eh, t = 2ms (b) Em, t = 2ms (c) Er, t = 2ms

(d) Eh, t = 6ms (e) Em, t = 6ms (f) Er, t = 6ms

(g) Eh, t = 20ms (h) Em, t = 20ms (i) Er, t = 20ms

Figure 6.1: Spatio-temporal evolution of entropy generation rate per unit volume (W/m2K)
during Bagasse particle combustion under active flow, 37%O2 & 63%N2.
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(a) Eh, t = 2ms (b) Em, t = 2ms (c) Er, t = 2ms

(d) Eh, t = 6ms (e) Em, t = 6ms (f) Er, t = 6ms

(g) Eh, t = 20ms (h) Em, t = 20ms (i) Er, t = 20ms

Figure 6.2: Spatio-temporal evolution of entropy generation rate per unit volume (W/m2K)
during Bagasse particle combustion under active flow, 77%O2 & 23%N2.

Figure 6.1 shows that for t=2ms, which corresponds to pre-ignition period, there exist some
thermal entropy generation due to the endothermic devolatilisation process. Diffusion of the
produced gases at this stage has resulted in mass transfer irreversibilities, while entropy genera-
tion by chemical reactions is zero. Thus, for pre-ignition stage the mass transfer irreversibility is
the dominant source of entropy generation. After 6ms (the middle row in Fig. 6.1) the combus-
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tion process of the particle has progressed to some extent. It is clear that the region over which
thermal entropy is generated has increased significantly, while the order of magnitude of this
irreversibility has remained unchanged in comparison with the pre-ignition period. The spatial
distribution of thermal irreversibility (Fig. 6.1d) further shows that there are two sources of ther-
mal entropy generation. One situated close to the top of the reactor where volatiles have been
released and reacted and the other one is around the burning particle. A comparison between
Fig. 6.1b and Fig. 6.1e indicates that the reactor region affected by mass transfer has slightly
decreased during the process. This is mainly due to the fact that volatile release and combustion
are limited to a short time after release of the particle. Referring to Figures 4.15, 4.17, 4.19 and
4.21, it confirmed that the mass transfer of species generated after completion of volatile com-
bustion is rather slow. This results in weakening of the mass transfer irreversibility, as depicted
by Fig. 6.1e. Figure 6.1f illustrates the distribution of reaction irreversibilities at t=6ms. It is im-
portant to note that, in this figure, the entropy generation is stronger than those in Figs. 6.1e and
6.1d by an order of magnitude. Further, the regions over which chemical entropy is generated
are large and comparable to those affected by thermal entropy (shown in Fig. 6.1d). Further-
more, generation of chemical entropy is clearly divided into two regions corresponding to the
reaction of volatilised gases and the homogenous and heterogeneous reactions in the vicinity of
the particle.

As indicated by Tables 4.4 and 4.5, the particle life time is almost 11 milliseconds for the condi-
tion shown in Fig. 6.1. Figures 6.1g-i show the distribution of irreversibilities after 20ms when
the burning process has terminated but the resultant heat and species continue to diffusive and
generate entropy. Compared to other subfigures, Figures 6.1g-i show a larger area of the reac-
tor. Most notably, compared to the earlier time at t=20ms the numerical values of all sources of
entropy generation have decreased massively. This is particularly the case for chemical entropy,
shown in Fig. 6.1i, which is essentially zero. Figures 6.1g and 6.1h show that after completion
of combustion the thermal and mass transfer irreversibilities, although smaller in value, cover a
much larger area of the reactor compared to the earlier times.

Increasing the molar concentration of oxygen to 77%, the results of the different sources of
entropy generation rate per unit volume are shown in Fig. 6.2. It can be clearly seen that, there
are no qualitative changes in the spatio-temporal evolution of irreversibilities in this gas condi-
tion compared with 37% O2 & 63% N2. However, for t=6ms the magnitudes of all sources of
entropy generation increased by one order of magnitude in comparison with those in the corre-
sponding subfigures in Fig. 6.1. It also shows that at higher oxygen concentration, chemical and
thermal entropy generations are stronger in the near particle region. This is distinctive to that
shown in Fig. 6.1 wherein the upstream reaction of the volatilisation products and the near parti-
cle chemical activities contribute almost equally to the thermal and chemical entropy generation.
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(a) Eh, t = 3ms (b) Em, t = 3ms (c) Er, t = 3ms

(d) Eh, t = 7ms (e) Em, t = 7ms (f) Er, t = 7ms

(g) Eh, t = 40ms (h) Em, t = 40ms (i) Er, t = 40ms

Figure 6.3: Spatio-temporal evolution of entropy generation rate per unit volume (W/m2K)
during DECS-11 particle combustion under active flow, 37%O2 & 63%N2.

The spatio-temporal evolution of entropy generation within a moving window travelling with
the particle during single DECS-11 particle combustion is given in Figs 6.3-6.6. Here, Fig. 6.3
represent active 37% O2 & 63% N2 condition, Fig. 6.4 is for active 68% O2 & 32% N2 con-
dition, Fig. 6.5 refers to quiescent 20% O2 & 80% N2 condition and Fig. 6.6 shows quiescent
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(a) Eh, t = 3ms (b) Em, t = 3ms (c) Er, t = 3ms

(d) Eh, t = 7ms (e) Em, t = 7ms (f) Er, t = 7ms

(g) Eh, t = 40ms (h) Em, t = 40ms (i) Er, t = 40ms

Figure 6.4: Spatio-temporal evolution of entropy generation rate per unit volume (W/m2K)
during DECS-11 particle combustion under active flow, 68%O2 & 32%N2.

100% O2 condition. Contours of the entropy generation by thermal, chemical and mass transfer
irreversibilities have been plotted for three different moments of time which is selected referring
to the particle life time (Tables. 4.4).
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(a) Eh, t = 18ms (b) Em, t = 18ms (c) Er, t = 18ms

(d) Eh, t = 30ms (e) Em, t = 30ms (f) Er, t = 30ms

(g) Eh, t = 100ms (h) Em, t = 100ms (i) Er, t = 100ms

Figure 6.5: Spatio-temporal evolution of entropy generation rate per unit volume (W/m2K)
during DECS-11 particle combustion under quiescent flow, 20%O2 & 80%N2.

In Figs. 6.3 and 6.4, the first snapshots are produced at pre-ignition moment (t=3ms), which
expectedly includes no chemical irreversibility but considerable mass transfer irreversibility (see
Figs. 6.3b and 6.4b). Further, there are noticeable thermal entropy generations in Figs. 6.3a and
6.4a. This is due to the endothermicity of the process of volatile release, which sets a temper-
ature gradient around the devolatising coal particle. The second snapshot at t=7ms (subfigures
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(a) Eh, t = 11.5ms (b) Em, t = 11.5ms (c) Er, t = 11.5ms

(d) Eh, t = 30ms (e) Em, t = 30ms (f) Er, t = 30ms

(g) Eh, t = 100ms (h) Em, t = 100ms (i) Er, t = 100ms

Figure 6.6: Spatio-temporal evolution of entropy generation rate per unit volume (W/m2K)
during DECS-11 particle combustion under quiescent flow, 100%O2.

d, e and f of Figs. 6.3 and 6.4) captures a moment during combustion, in which all sources of
irreversibility are strong. Figures 6.4d, 6.4e and 6.4f show that at t=30ms and for pure oxygen,
all types of entropy generation occur in two distinctive regions, one around the particle and the
other in the downstream flow. The former is because of the char combustion reactions (R2−R5)
and the subsequent homogenous reactions (R7 and R8). The latter, however, is caused by the
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combustion of volatiles (R6). Figures 6.3g, 6.3h and 6.3i indicate that towards the end of the
particle life time (t=40ms), the thermal and mass transfer entropy generations are highly sup-
pressed. However, in these figures the chemical irreversibility is still quite strong.

An air like atmosphere under quiescent flow has been investigated in Fig. 6.5. This figure shows
that shortly after the ignition (t=18ms), there exists a large region around the particle with strong
chemical irreversibility. The highest rate of chemical entropy generation happens in the vicin-
ity of the particle, while chemical irreversibility remains strong in a region around the particle
wherein the volatiles are oxidised. Figure 6.5 also indicates that thermal and mass transfer ir-
reversibilities are limited to the areas close to the particle and their strengths are comparable to
that of chemical irreversibility. In the second snapshot of this figure, at t=30ms the strength of
the chemical irreversibility has decreases, although it still affects a relatively large area of the
domain. This is due to the fact that at this stage the volatile combustion is complete and the
homogenous reactions are limited to the oxidation of carbon monoxide and hydrogen (referring
to Fig. 4.10(c)). The next snapshot has been produced at t=100ms, which corresponds to a post
combustion moment. As expected, the chemical irreversibilities at this moment are almost zero.
The mass transfer irreversibility has dropped to very low values. However, the thermal irre-
versibility remains at a noticeable value. This is because of the diffusion of the hot gases into
the surrounding medium, which takes a longer time than completion of the combustion process.

Figure 6.6 depicts the same sequence, shown in Fig. 6.5, for the combustion of the coal par-
ticle in quiescent, pure oxygen atmosphere. At the first moment (t=11.5 ms), all the sources
of irreversibility have values much greater than those in air combustion shown in Fig. 6.5. In
particular, the thermal entropy has become stronger by two orders of magnitude. Further, in
contrast to that in Fig. 6.5, the chemical entropy generation remains equally strong for the sec-
ond snapshot at t=18ms. It can be verified in Fig. 4.10d that at this time the only homogenous
reactions are combustion of H2 and CO. However, it seems that the fast reactions in pure oxy-
gen maintain the high level of chemical irreversibilities even after the termination of volatile
combustion. Figure 6.6g shows that, once again, thermal entropy generation is the only form of
irreversibility at post combustion stage.

6.2 History of entropy generation by different irreversibili-
ties

The temporal variation of the integrated irreversibilities of heat transfer, mass transfer and chem-
ical mechanisms over the effective area of the combustion zone during the single biomass and
coal particle combustion under various gas conditions is shown in Figs. 6.7-6.12.
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Figure 6.7: History of entropy generation by different irreversibilities: Bagasse, Active flow,
37%O2 & 63%N2. EH and EM correspond to the left vertical axes and ER to be read from the
right axes.
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Figure 6.8: History of entropy generation by different irreversibilities: Bagasse, Active flow,
77%O2 & 23%N2. EH and EM correspond to the left vertical axes and ER to be read from the
right axes.

Figure 6.7 reports the history of entropy generation for single Bagasse particle combustion in an
active atmosphere with 37% mole fraction of oxygen. This figure reflects a few important points
about the transient entropy generation. First, during the life time of the particle, the entropy
generated by chemical reactions is at least one order of magnitude greater than that generated
by the heat and mass transfer.

Second, the maximum chemical and thermal entropy generations, and hence the maximum total
entropy generation, occurs at around the ignition time. Both chemical and thermal entropy gen-
erations drop sharply after the ignition. Chemical entropy vanishes after the completion of the
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transient burning process. However, the thermal entropy goes up and continues to grow till the
end of the investigated period (100ms). This is due to the diffusion of heat of combustion into
the environment after the completion of the transient combustion process. Third, the irreversibil-
ity of mass transfer includes two peaks during the particle life time. The first peak corresponds
to devolatilisation period and is associated with a local peak in thermal entropy and the second
peak happens shortly after the ignition. This represents the entropy generation due to the dif-
fusion of the chemical species generated by the combustion of volatilised gases. Increasing the
concentration of oxygen in Fig. 6.8 does not change the qualitative (and to a large extent the
quantitative) behaviours observed in Figs. 6.7a and 6.7b.
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Figure 6.9: History of entropy generation by different irreversibilities: DECS-11, Active flow;
37%O2 & 63%N2. EH and EM correspond to the left vertical axes and ER to be read from the
right axes.

Figures 6.9-6.12 show the history of entropy generation by different sources of irreversibility of
single DECS-11 particles combustion under varying oxygen concentrations and for both active
and quiescent flow conditions. Figures 6.9a and 6.9b correspond to a moderately oxygenated
case (37% O2 & 63% N2) under active flow. This figure shows that upon the release of the
particle and up to the moment of ignition, mass transfer irreversibility is the strongest source
of entropy generation. Within this period, the thermal entropy generation is rather weak and
there is no chemical irreversibility. The diffusion of volatiles into the surrounding environment
and also the supply of heat to the endothermic devolatilisation process are the two irreversible
phenomena occurring in this period. Ignition of the volatile gases results in a very sharp increase
of the chemical entropy and thermal entropy generation. However, this trend is reversed after
a short period and the chemical entropy generation drops down to very small values by the end
of homogenous combustion phase. In general, the same qualitative behaviour is observed in the
thermal entropy. However, as shown in Fig. 6.9b the thermal entropy increases towards the end
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Figure 6.10: History of entropy generation by different irreversibilities: DECS-11, Active flow,
68%O2 & 32%N2. EH and EM correspond to the left vertical axes and ER to be read from the
right axes.
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Figure 6.11: History of entropy generation by different irreversibilities: DECS-11, Quiescent
flow, 20%O2 & 80%N2. EH and EM correspond to the left vertical axes and ER to be read from
the right axes.

of the particle life time and keeps growing after the completion of the burning process. This
is because of the diffusion of heat of combustion into the surrounding medium and is a major
contributor to the thermal entropy generated during the transient combustion process.

An interesting behaviour is observed when increasing the concentration of oxygen to 68%
(Fig. 6.10). Here, the rates of reduction in the chemical and thermal entropy generation af-
ter the combustion of volatiles are much less than those in Fig. 6.9. Hence, the chemical and
entropy generations remain large for the entire course of particle burning. This is due to the
strengthening of reactions R2, R3 and R7 in the highly oxygenated atmosphere, which intensify
the rate chemical reactions and heat release of char combustion.
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Figure 6.12: History of entropy generation by different irreversibilities: DECS-11, Quiescent
flow, 100%O2. EH and EM correspond to the left vertical axes and ER to be read from the right
axes.

Under quiescent flow and in an atmosphere similar to air, Fig. 6.11 shows that the mass transfer
irreversibility in the pre-ignition period is more significant than the thermal irreversibility during
the homogenous combustion. Similar to that discussed earlier, the thermal irreversibility con-
tinues to grow within the char combustion and post-combustion periods and ultimately becomes
much more significant than the mass transfer entropy generation. Compared with lower oxygen
concentration case (20%O2 & 80%N2), major intensification of chemical entropy generation
in pure oxygen atmosphere is evident in Fig. 6.12. Also these figures clearly show that during
the combustion of volatiles, thermal entropy generation is much larger than that of mass transfer.

There is a general trend that can be summarized from the history of entropy generation during the
single particle transient combustion process. All the time traces of mass transfer irreversibility
feature two peaks. First, during the devolatilisation process, which results in the production of
gas-phase volatiles, and the second peak after the ignition and during the combustion of volatiles
and char.

6.3 Overall average entropy generation

The thermal, mass transfer and chemical as well as the overall entropy within the system is
calculated according to Eqs. 3.78-3.81 and by time averaging the spatially integrated entropy
generation discussed with regards to Table 6.1 and Figs. 6.13-6.15. Here, the time averaging
was conducted for an interval of 200ms. Although not shown, this period was enough for the
thermal gradients in the reactor to mostly smear out and thus the process of entropy generation
to nearly come to the end.
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Table 6.1: Average entropy generation of single particle combustion (W/K)
Gas Conditions Eh Em Er Er

Bagasse, Active Flow
21% O2/N2 0.0010 0.00006 0.0029 0.00396
37% O2/N2 0.0016 0.00004 0.0049 0.00654
77% O2/N2 0.0015 0.00003 0.0047 0.00623

100% O2 0.0015 0.00008 0.0049 0.00648

DECS-11, Active Flow
21% O2/N2 0.0024 0.00012 0.0029 0.00542
37% O2/N2 0.0027 0.00013 0.0041 0.00693
77% O2/N2 0.0024 0.00011 0.0043 0.00681

100% O2 0.0026 0.00008 0.0044 0.00708

DECS-11, Quiescent Flow
20% O2/N2 0.0013 0.00012 0.0029 0.00432
40% O2/N2 0.0014 0.00014 0.0034 0.00494
60% O2/N2 0.0014 0.00014 0.0048 0.00634
80% O2/N2 0.0015 0.00014 0.0052 0.00684

100% O2 0.0015 0.00014 0.0053 0.00694

Figure 6.13 shows a comparison between the overall average entropy generation from differ-
ent sources in a single biomass particle combustion under various gas atmospheres. This figure
clearly shows that the chemical entropy is the most significant contributor with the irreversibility
of the process. The thermal entropy has a value of the same order of magnitude as chemical en-
tropy but roughly about three times smaller than that. The mass transfer irreversibility is much
smaller than the chemical and thermal entropy generation and can be practically ignored. Fig-
ure 6.13 further shows that increasing the molar concentration of oxygen from 21% results in a
considerable increase in thermal and chemical entropy generation and thus significantly inten-
sifies the overall average entropy generation. Nonetheless, any further increase in the oxygen
concentration alters the irreversibilities very slightly.

The overall average entropy generation of a single coal particle combustion at different chem-
ical compositions of the atmosphere are presented in Fig. 6.14 for active flow conditions and
Fig. 6.15 for quiescent flow conditions. Also shown in the figures is the sum of the three sources
of entropy, here referred to as global entropy generation within the system. A close examina-
tion of Fig. 6.14 and 6.15 reveal a few points as follows. First, in keeping with the findings
of the previous studies on steady gaseous combustion [96] and transient multiphase combus-
tion [96] [118], mass transfer irreversibility appears to be small in comparison with that of heat
transfer and chemical reactions. Second, oxygenation of the atmosphere generally results in a
significant increase in the global entropy generation in comparison with combustion in air. A
step change is particularly visible in the chemical entropy generation. This result is of high
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Figure 6.13: Average entropy generation for varying concentrations of oxygen: Bagasse, Active
flow
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Figure 6.14: Average entropy generation for varying concentrations of oxygen: DECS-11, Ac-
tive flow

practical significance, as it indicates that slight and moderate oxygenation of the combustion
atmosphere can majorly boost the level of entropy generation and hence that of exergy destruc-
tion. However, once the mole fraction of oxygen reaches around 40% (37% for active flow), any
further oxygenation causes only slight increases in the entropy generation. Third, under quies-
cent flow there appears to be a regular pattern of increasing entropy generation by increasing
the concentration of oxygen. However, this pattern is less clear in active flow cases. Fourth,
although the overall average entropy generations for the active and quiescent flows are nearly
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Figure 6.15: Average entropy generation for varying concentrations of oxygen: DECS-11, Qui-
escent flow

the same, the thermal entropy generation in quiescent flow is noticeably smaller than that of the
active flow cases. The reason for this behaviour is not immediately obvious and is anticipated to
be due to the modification of heat transfer by altering the flow velocity.

6.4 Summary and Conclusions

Based on the validated numerical model of single particle combustion, the unsteady local en-
tropy fields generated by heat transfer, mass transfer and chemical reactions during the transient
combustion process in O2/N2 atmospheres with varying oxygen concentration and for active
and quiescent flow conditions were investigated. The total entropy generations were obtained
by integrating this over time. The major finding of this study are summarised as follows.

1. During the pre-ignition period where only devolatilization happens, the mass transfer irre-
versibility is the main source of the entropy generation with some contributions from heat
transfer. For the oxygenated cases, the heat transfer entropy grows substantially.

2. A very sharp increase in the irreversibility generated by chemical reactions is observed
immediately after the ignition of the particle. Ignition of the devolatilised gases also gen-
erates significant thermal irreversibilities.

3. While chemical entropy generation comes to an end by the termination of the particle life
time, the thermal entropy continues to be generated for a relatively long time ( 200ms).
This is due to the diffusion of hot gases into the surroundings atmosphere.
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4. The global entropy generation increases when increasing the oxygen concentrations in the
atmosphere. This increase is quite significant when moderatly oxygenated atmospheres
(with mole fraction of oxygen less than 40%) are compared with air. However, addition
of further oxygen results in minor increases in the total entropy generation by the heat
transfer and chemical reactions.

5. Overall, the chemical entropy appears to be the dominant source of irreversibility during
the single biomass or coal combustion process. The thermal entropy is the second contrib-
utor with a similar order of the magnitude as that of chemical. Mass transfer irreversibility
has a negligibly small contribution.



Chapter 7

Smouldering combustion of biomass
packed bed

7.1 Introduction

This chapter introduces the experimental work on the smouldering combustion of biomass
packed bed under varying air flow rate and ignition temperature conditions. The temperature of
ceramic ignition plate is identified as the ignition temperature. Two different types of biomass
particles are used to form the packed bed. Air flow rate varying from 0 to 2.4 litres per minute
(LPM) and the ignition temperature changing from 220◦C, 250◦C to 280◦C are examined. The
smouldering combustion process is monitored by a camera and the temperature at different lo-
cations of the packed bed is recorded by thermocouples. Patterns of the reaction front during the
smouldering combustion process are reported. The heating rate and the speed of reaction front
during this process are calculated to analyse the smouldering combustion characteristics and the
front propagation properties.

7.1.1 Fuel properties

There are two types of biomass fuel from Scotland farmland (Wheat straw and Wood bark) used
for the experiments. The proximate and ultimate data were analysed by SGS UK Laboratories
and were given in Table 7.1. Figure 7.1 gives the images of the two fuels.

7.1.2 Non-reactive test

The experimental apparatus and method were introduced in Chapter 2.5. A cold test was done to
check the thermal equilibrium of the system. The operation condition with the ignition tempera-
ture at 250◦C and the air flow at 1.2 LPM was chosen to conduct the test. Eleven thermocouples
were placed to track the temperature at different locations of the rig (6 in the ignition plate and
5 in the central line of inner space). The locations of thermocouples and the measured results

113
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Table 7.1: Proximate and ultimate analysis of the fuel
Fuel Type Wheat straw Wood bark

Proximate analysis as received
Moisture (%) 16.2 18.4
Volatile Matter (%) 69.4 50.1
Fixed Carbon (%) 12.0 15.5
Ash (%) 2.4 16.0

Ultimate analysis (Dry basis)
Carbon (%) 48.1 42.1
Hydrogen (%) 5.77 4.26
Oxygen (%) 42.192 34.949
Nitrogen (%) 0.62 0.49
Sulfur (%) 0.053 0.074
Chlorine (%) 0.053 0.027
Ash (%) 3.1 18.2

Lower Heating Value (MJ/kg) 14.56 12.52

(a) (b)

Figure 7.1: Images of fuel powder. (a) Wheat Straw; (b) Wood Bark.

are reported in Figs. 7.2 and 7.3.

It can be seen from Fig. 7.2 that, the temperature of the points on the ignition plate differs at the
beginning, but the temperature of these points becomes nearly stable around 250◦C where the
highest one is 253◦C and the lowest one is 247◦C after about one hour. The differences among
these points are negligible. Figure 7.3 reports the temperature changing trend at different points
along the central line of the rig. The temperature decreases in turn against the distance away
from the plate, and reaches the stable one after one hour as well. Therefore, we can conclude
that the experimental rig reaches the thermal equilibrium state after being heated for about 90
minutes.
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Figure 7.2: Temperature profile of different points on the ignition plate in cold test.
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Figure 7.3: Temperature profile of different points along the central line in cold test.

7.2 Shape of the smouldering combustion front

When conducting the experiments, the biomass fuel particles were put into the fuel box after the
rig had been heated for two hours, which means the rig was in the thermal equilibrium state. Four
air flow rates–0 LPM, 0.6 LPM, 1.2 LPM and 2.4 LPM and three ignition temperatures–220◦C,
250◦C and 280◦C were considered in the experimental work. Thus, 12 different operating con-
ditions were applied to the smouldering combustion of the packed bed filled with wheat straw
and wood bark particles respectively. The shapes of the smouldering front for each case at a final
stable state are shown below. Figure 7.4 corresponds to wheat straw packed bed under different
air flow rate and ignition temperature and Fig. 7.5 for wheat straw.

It can be seen that when the ignition temperature is 220◦C, the wheat straw packed bed is ignited
and a reaction front appeared. Under the quiescent flow condition (0 LPM), the reaction front is
close to the edge (Fig. 7.4a). Along with increased air mass flow rate, the reaction front moves
forward and takes a distance away from the edge (Fig. 7.4d). But no matter under which mass
flow rate, all the reaction fronts keep nearly flat and stable. There are no obvious fingers and in-
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(a) 0 LPM, 220oC (b) 0.6 LPM, 220oC (c) 1.2 LPM, 220oC (d) 2.4 LPM, 220oC

(e) 0 LPM, 250oC (f) 0.6 LPM, 250oC (g) 1.2 LPM, 250oC (h) 2.4 LPM, 250oC

(i) 0 LPM, 280oC (j) 0.6 LPM, 280oC (k) 1.2 LPM, 280oC (l) 2.4 LPM, 280oC

Figure 7.4: Cinematography of wheat straw combustion.
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(a) 0 LPM, 220oC (b) 0.6 LPM, 220oC (c) 1.2 LPM, 220oC (d) 2.4 LPM, 220oC

(e) 0 LPM, 250oC (f) 0.6 LPM, 250oC (g) 1.2 LPM, 250oC (h) 2.4 LPM, 250oC

(i) 0 LPM, 280oC (j) 0.6 LPM, 280oC (k) 1.2 LPM, 280oC (l) 2.4 LPM, 280oC

Figure 7.5: Cinematography of wood bark combustion.
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stabilities appearing in all the four cases. When the temperature of the ignition plates increases
to 250◦C, the smoudlering front propagates to a farther distance when the air mass flow rate
increases, where the trend is similar to the ignition temperature of 220◦C. But the smoulder-
ing front is farther away from the plate for the same air mass flow rate conditions than 220◦C.
Moreover, it should be noticed that a finger pattern is formed visibly when the air mass flow rate
reaches up to 2.4 LPM. Figure 7.4i-l reports the state of the reaction front under 280◦C. It can
be clearly seen that the reaction instabilities appear to all the four smouldering fronts. They do
not kept flat when propagating forward and finger patterns formed in each case. It should be
pointed that most of the finger patterns do not look the same in the repeated experiments. For
example, in the case of ignition temperature of 280◦C and air mass flow rate of 2.4 LPM, the
finger pattern shown here heads to the right side (Fig. 7.4l), but in some repeated cases, it heads
to the left side or the middle line. There are ash observed close to the ignition plate, which is
due to strong intensity of combustion and complete combustion under the high air mass flow rate
and ignition temperature conditions. In other cases, there are not such kinds of ash generated
due to the limitation of combustion temperature.

The propagation characteristics of the smouldering reaction fronts during wood bark packed
bed combustion are similar to the wheat straw. The smouldering fronts is flat and stable under
lower temperature conditions (220◦C). While the temperature increases to 280◦C, the propaga-
tion distance is further and the instabilities and finger patterns appear. And at the same ignition
temperature, the combustion process lasts for a longer time and a bigger area of the packed bed
is burned.

7.3 Speed of the smouldering combustion front

The speed of the smouldering front demonstrates the characteristic of the reactions. It is cal-
culated by using the distance that the smouldering combustion front propagated divided by the
time taken. The compared speed of the smouldering combustion under different ignition tem-
peratures and air mass flow rates of wheat straw and wood bark packed bed is given below.

Figure 7.6a reports the results of the wheat straw packed bed. It can be seen that, at the low
ignition temperature (220◦C), the speed slightly increases from 0.18 cm/min to 0.24 cm/min
when the air mass flow rate changing from 0 to 2.4 LPM, which is in keeping with Figs. 7.4a-
d. When the ignition temperature comes to 250◦C, the speed of the smouldering reaction front
shows a remarkable increase at 2.4 LPM flow rate. It features a large increase when the ignition
temperature raises to 280◦C and is 0.43 cm/min. At this ignition temperature, the speed of 1.2
LPM increases to 0.36 cm/min. However, under the air mass flow rate of 0 and 0.6 LPM, the
speed of the reaction front did not change too much. It slightly increases from 0.18 cm/min to
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Figure 7.6: Speed of the smouldering front under different mass flow rate and ignition tempera-
ture.

0.24 cm/min and from 0.20 cm/min to 0.26 cm/min, respectively. The speeds of the smouldering
combustion front of the wood bark packed bed under various operating conditions are presented
in Fig. 7.6b. The values are pretty close to each other when the ignition temperature is 220◦C.
When the ignition temperature increases to 250◦C and 280◦C, the speed of the smouldering re-
action front increases as well. In general, the higher the air mass flow rate, the larger increase in
the front speed is. The speed difference between 0 and 2.4 LPM at 220◦C is only 0.025 cm/min,
while it is 0.1 cm/min at 280◦C. Further, it should be noticed that, the front speed of wheat straw
packed bed is much higher than the wood bark packed bed. It is nearly twice comparing wheat
straw to wood bark. Moreover, the increase under the same air mass flow rate is more distinctive
when the ignition temperature increases.

7.4 Smouldering combustion temperature

The temperature profiles of the five monitoring points along the central line of the packed bed
during the smouldering combustion process under different operating conditions are given in
Figs. 7.7 and 7.8. Temperature variations were recorded in 25 minutes for wheat straw and in
40 minutes for wood bark. The positions of the thermocouples were specified in Section 3.5.
Firstly, on the whole, the temperature of point-1 has the greatest changes in all cases and then
followed by point-2 and point-3. The temperature of point-4 and point-5 does not vary too much
during the whole process.

The position of point-1 is closest to the ignition plate and combustion area. When the biomass
packed bed is ignited by the ceramic plate and starts to propagate forward, the heat generated
by the chemical reactions during the combustion process and from the ignition plate is firstly
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(a) 220oC, 0 LPM
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(b) 250oC, 0 LPM
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(c) 280oC, 0 LPM
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(d) 220oC, 0.6 LPM
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(e) 250oC, 0.6 LPM
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(f) 280oC, 0.6 LPM
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(g) 220oC, 1.2 LPM
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(h) 250oC, 1.2 LPM
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(i) 280oC, 1.2 LPM
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(j) 220oC, 2.4 LPM
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(k) 250oC, 2.4 LPM
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Figure 7.7: Wheat Straw: Temperature profile of different mass flow rate and ignition tempera-
ture.

delivered to point-1 by heat conduction between the biomass particles, heat convection through
the porous structure and thermal radiation. Therefore, point-1 has the highest temperature at the
final stage. It should be noticed that in higher temperature and mass flow rate cases, the tem-
perature profile of point-1 looks like parabolas. In these cases, the temperature reaches its peak
value when the reaction front moves there and the temperature drops when the reaction front
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(a) 220oC, 0 LPM
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(b) 250oC, 0 LPM

 0

 50

 100

 150

 200

 250

 300

 0  5  10  15  20  25  30  35  40

T
e
m

p
e
ra

tu
re

 (
o
C
)

Time (minutes)

Ignition Tem
Point-1
Point-2
Point-3
Point-4
Point-5

(c) 280oC, 0 LPM
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(d) 220oC, 0.6 LPM

 0

 40

 80

 120

 160

 200

 240

 280

 0  5  10  15  20  25  30  35  40

T
e
m

p
e
ra

tu
re

 (
o
C
)

Time (minutes)

Ignition Tem
Point-1
Point-2
Point-3
Point-4
Point-5

(e) 250oC, 0.6 LPM
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(f) 280oC, 0.6 LPM
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(g) 220oC, 1.2 LPM
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(h) 250oC, 1.2 LPM
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(i) 280oC, 1.2 LPM
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(j) 220oC, 2.4 LPM
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(k) 250oC, 2.4 LPM

 0

 60

 120

 180

 240

 300

 360

 0  5  10  15  20  25  30  35  40

T
e
m

p
e
ra

tu
re

 (
o
C
)

Time (minutes)

Ignition Tem
Point-1
Point-2
Point-3
Point-4
Point-5

(l) 280oC, 2.4 LPM

Figure 7.8: Wood Bark: Temperature profile of different mass flow rate and ignition temperature.

passes. Different ignition and mass flow conditions result in different peak temperatures. And
under 250◦C & 2.4 LPM and 280◦C & 2.4 LPM operating condition, the temperature profile
of point-2 has a peak (Figs. 7.7k and 7.7l). Referring to Figs. 7.4k and 7.4l, we can find that a
finger pattern is formed during the smouldering combustion process and it covers the position
of the point-2. Thus, like point-1, the temperature profile of point-2 has a peak value.
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(b) Point-2, 220oC

 20

 40

 60

 80

 100

 0  5  10  15  20  25

75.92 oC
82.19 oC
86.92 oC

89.95 oC

T
e
m

p
e
r
a
tu

r
e
 (

o
C
)

Time (minutes)

0 LPM
0.6 LPM
1.2 LPM
2.4 LPM

(c) Point-3, 220oC
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Figure 7.9: Wheat Straw: Temperature profile of points under different mass flow rate and
ignition temperature.

The temperatures of point-4 and point-5 increase when the fuel was added into the rig for both
wheat straw and wood bark packed bed. The temperature raises at the beginning is because the
fuel particles is under normal temperature state and the temperature of the gas environment in
the rig is much higher. After the heat exchange process ends and the fuel reaches the equilib-
rium state, the temperature does not vary too much and keeps nearly stable. This phenomenon
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Figure 7.10: Wood Bark: Temperature profile of points under different mass flow rate and
ignition temperature.

is consistent with the images presented in Figs. 7.4 and 7.5. The combustion areas are limited
to the front part of the packed bed. Further, because of the long distance away from the ignition
plate and the limitation of thermal properties, the heat from the ignition plate and that generated
due to the chemical reactions is not delivered to the later part of the packed bed. Therefore, the
temperature of the unburned area only changes at the early stage of the whole process, and is
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not influenced too much by the combustion process. However, the temperatures of point-4 and
point-5 are higher when the ignition temperature and air mass flow rate increase. This is because
of the enhanced heat conductive or heat convection at higher temperature conditions and faster
flow conditions.

Table 7.2: Highest temperature measured during biomass packed bed smouldering combustion
Ignition Temperature Air Flow Rate Point-1 Point-2 Point-3

(oC) (LPM) (oC) (oC) (oC)

Wheat Straw

220

0 113.57 88.21 75.92
0.6 118.39 97.06 82.10
1.2 122.65 100.69 86.92
2.4 141.41 121.93 89.95

250

0 128.07 102.53 86.02
0.6 137.30 116.88 92.78
1.2 144.27 132.12 103.44
2.4 305.68 260.57 117.81

280

0 150.85 130.82 102.72
0.6 190.11 144.73 114.82
1.2 300.13 149.66 142.66
2.4 349.94 310.23 162.06

Wood Bark

220

0 116.26 109.67 92.12
0.6 146.13 120.68 97.78
1.2 157.62 132.42 105.18
2.4 169.94 141.34 114.77

250

0 217.92 129.2 99.43
0.6 257.02 153.82 115.86
1.2 280.53 175.31 131.91
2.4 322.47 239.97 151.88

280

0 260.31 142.04 112.75
0.6 294.14 174.99 129.83
1.2 311.56 242.97 144.11
2.4 351.66 266.68 166.18

From the above figures it can be seen that, the ignition temperature has a greater influence
on the propagation of smouldering reaction front compared with mass flow rate of air. Further,
comparing the smouldering combustion properties of the two kinds of fuel, it can be concluded
that the wheat straw is more sensitive to the ignition temperature and air mass flow rate. The
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wood bark takes longer time to reach the peak temperature during the smouldering combustion
process, and the peak temperature of point-1 is lower in the same condition. This is caused by
the differences on fuel properties. Compared with wood bark, the wheat straw contains more
volatile and less ash, which makes it easier to be ignited and burns. Thus, the combustion pro-
cess involves more area of the packed bed.

Figures 7.9 and 7.10 compares the temperature profiles of point-1, point-2 and point-3 at the
same ignition temperature, while under different air mass flow rates during the smouldering
combustion process of wheat straw and wood bark packed bed, respectively. The different
changing trends of temperature of these points under various operating condition are clearly
demonstrated in the figures. For wheat straw, when the ignition temperature is 220◦C, the tem-
peratures of these three points under different air mass flow rate show a similar varying tendency.
It raises slightly faster at the beginning and then changes to slowly increasing. The reason for the
two different temperature increasing stages has been explained before. No obvious inflection or
peak value appeareds in these temperature profiles. Moreover, Figs. 7.9a, b and c indicate that,
all the three points have the highest temperature under the fastest flow (2.4 LPM), but the tem-
perature differences among different air mass flow rate become smaller when the point is further
from the ignition plate. When the ignition temperature increases to 250◦C, the temperature of
point-1 and point-2 under 2.4 LPM condition is much higher than other mass flow rate conditions
due to the propagation of smouldering combustion. In other cases, the temperature of the three
points raises about 20◦C compared to the corresponding air mass flow rate at 220◦C. When the
ignition temperature reaches 280◦C, the parabolic temperature profiles and peak temperatures
are observed in more cases. For point-1, the temperature profiles are quite similar under 2.4
LPM and 1.2 LPM conditions with the peak temperature around 350◦C and 200◦C. When the
air mass flow rate is 0.6 LPM, the peak temperature appears at 7 minutes but the temperature
drops quickly. The high temperature does not last as long as the air flow rate is 2.4 LPM and 1.2
LPM. For point-3, the temperatures are much higher than the other two ignition temperatures,
and the temperature differences amongst different mass flow conditions become larger on the
contrary.

Figure 7.10 reports the related temperature profiles of wood bark packed bed. It can be eas-
ily seen that, the temperature profiles have different characteristics from wheat straw packed
bed. Firstly, the temperatures of wood bark packed bed at the same position are lower than the
wheat straw packed bed under the same ignition temperature and air mass flow rate. Secondly,
the shape of the temperature profile is nearly the same during wood bark packed bed smoulder-
ing combustion. The temperature keeps increasing and comes to a stable stage in the cases. It
does not show big differences like wheat straw packed bed smouldering combustion. Finally,
it takes longer time for wood bark packed bed to reach the stable temperature. In wheat straw
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cases, when running the smouldering combustion experiments for 25 minutes, the smouldering
combustion reactions stop and the heat exchange in the system terminates. Thus, the system
reaches the equilibrium state and the temperature becomes stable. While changing the fuel to
wood bark, the process takes about 40 minutes which is nearly twice of that of wheat straw.
Therefore, it can be seen that, except for the operating conditions, the fuel properties have a
great influence on the smouldering combustion of biomass packed bed as well.

7.5 Heating rate

The heating rate represents the temperature changing characteristic of the biomass packed bed
during the smouldering combustion process. It is calculated by using the difference between the
peak temperature and the initial temperature divided by the time taken to reach the peak tem-
perature. The heating rate of point-1, point-2 and point-3 during the smouldering combustion
process of the biomass packed bed under various conditions are given in Figs. 7.11 and 7.12.

Figure 7.11a reports the heating rate of point-1 during wheat straw packed bed smouldering
combustion. It can be seen that, at the ignition temperature of 220◦C, the heating rate is small
and increased slightly from 3.41◦C/min to 7.15 ◦C/min when the air mass flow rate increases
from 0 to 2.4 LPM. The gap between the biggest one and the smallest one is about 4◦C/min.
When the ignition temperature increases to 250◦C, the heating rate under 2.4 LPM and 1.2 LPM
increases to 19.45◦C/min and 12.58◦C/min, respectively, while the other two raise to around
5◦C/min. The differences between the heating rates under different air mass flow rates be-
come bigger when the ignition temperature comes up to 280◦C. The maximum value reaches
32.87◦C/min and the minimum is 9.07◦C/min. The gap between the biggest one and the small-
est one has raised to about 23◦C/min. For point-2 (Fig. 7.11b) and point-3 (Fig. 7.11c), the
heating rate increases when increasing the ignition temperature and air mass flow rate. But the
growth of heating rate decreases and the gap amongst different air mass flow rates is not as
large as point-1. The heating rates of point-1, point-2 and point-3 of wood bard packed bed are
reported in Fig. 7.12. The variation trend with the change of ignition temperature and air mass
flow rate are similar to wheat straw packed bed. The heating rate becomes smaller from point-1
to point-3. Along with the increase of ignition temperature and air mass flow rate, the heating
rate of every point increases.

It should be noticed that, the heating value of wood bark packed bed are much smaller than
the wheat straw packed bed at the same position under the same operating conditions. For ex-
ample, when the biomass packed bed smouldered at the ignition temperature of 280◦C and air
mass flow rate of 2.4 LPM, the heating rate of point-1 of wheat straw packed bed is 32.87◦C/min
while it is 10.67◦C/min of wood bark packed bed. This is in accordance with the temperature
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Figure 7.11: Wheat straw: Heating rates of points under different mass flow rate and ignition
temperature.
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Figure 7.12: Wood bark: Heating rates of points under different mass flow rate and ignition
temperature.
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characteristics, and it is concluded that the properties of fuel play an important role in the smoul-
dering combustion of biomass packed bed.

7.6 Summary and Conclusions

In this chapter, experimental work about the smouldering combustion of the wheat straw and
wood bark packed bed were conducted. The shape and speed of the smouldering reaction front,
the combustion temperature and the heating rate were investigated when the ignition temperature
varied from 220◦C to 280◦C and the air mass flow rate changed from 0 to 2.4 LPM. The major
findings can be summarized as follows.

1. For wheat straw packed bed, the smouldering reaction front keeps flat and propagates for-
ward stably when the ignition temperature is 220◦C. The finger pattern is firstly observed
at the ignition temperature of 250◦C and air mass flow rate of 2.4 LPM. When the ignition
temperature increases to 280◦C, the smouldering fronts have obvious instabilities for all
mass flow rates. For wood bark packed bed, the front instabilities appears till the ignition
temperature reaches 280◦C.

2. Overall, the speeds of the smouldering reaction front among various air mass flow rate do
not vary too much at lower ignition temperature. When the ignition temperature increases,
the speeds under all air mass flow rates increase as well but the differences among them
become larger. Moreover, the speed of the smouldering combustion front of wheat straw
packed bed is faster than the wood bark packed bed.

3. The temperature of the monitoring points raises when the ignition temperature and air
mass flow rate are higher. The temperature of point-1 experiences a great change when
the smouldering combustion zone covers the position. And in some cases, the temperature
of point-2 has the similar change. The temperatures of point-4 and point-5 do not have
a great change due to the limited propagation of the smouldering combustion. Moreover,
the wheat straw packed bed reaches higher temperature in a shorter combustion time at
the same ignition temperature and air mass flow rate compared to wood bark.

4. Similar to the combustion temperature, the heating rate increases along with the increase
of ignition temperature and air mass flow rate for both kinds of biomass fuel. And un-
der higher ignition temperature, the differences of heating rate under various air mass
flow rate becomes bigger. It proves that the ignition temperature affects the smouldering
combustion more than the air mass flow rate.

5. The wheat straw packed bed and wood bark packed bed had different smouldering com-
bustion characteristics. The combustion temperature, the heating rate and the speed of
the reaction front during the smouldering combustion process are quite different in the
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smouldering combustion process. The values are higher in the wheat straw packed bed
smouldering combustion process and it shows a higher smouldering combustion intensity.
Moreover, the lasting time of the smouldering combustion process is longer in wood bark
packed bed under the same operating conditions. This indicates that the fuel properties
play an important role in the biomass packed bed smouldering combustion.



Chapter 8

Conclusions and future work

The transient combustion process of a single coal and biomass particle in a drop-tube furnace in
both O2/N2 and O2/CO2 gas environments with varying oxygen concentrations, and for active
and quiescent flows were investigated numerically. The evolutions of gas-phase temperature,
major chemical species, gas-phase entropy generation and pollutant emissions were obtained
to analyse the single particle combustion characteristics. In addition, an experimental work
on the smouldering combustion of biomass packed bed was conducted under different ignition
temperature and air mass flow rate conditions. The major findings of these investigations are
summarized in Section 7.1, and Section 7.2 presents some recommendations for future work.

8.1 Summary of the conclusions

The numerical simulations are on the basis of an existing experimental work of Ref. [37] [38]
[183] in which single coal and biomass particle were reacted in a drop-tube furnace. The par-
ticle was injected at the top, and then were ignited and burned in active or quiescent O2/N2

and O2/CO2 gas conditions with oxygen concentration varying from 20% to 100%. An Eular-
Lagrange numerical model coupled with Discrete Phase Model (DPM), standard k− ε model,
weighted-sum-of-grey-gases model (WSGGM) and P-1 radiation model (spherical harmonic
method) were implemented. The SIMPLE algorithm was used for the velocity-pressure cou-
pling and the effect of gravity was considered in the numerical simulations. Single kinetic rate
devolatilization model and multiple-surface-reactions combustion model were applied for the
single particle combustion process. The ignition delay time, particle life time and particle tem-
perature were used to compare with the experimental data. The close agreement between the
numerical simulations and experimental measurements confirmed the validation of the numeri-
cal model.

In general, oxygenated environments shorten the ignition delay time and particle life time and
increase the particle temperature in the single particle combustion. Compared with O2/N2 gas

131
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conditions, the single particle has longer ignition delay time and particle life time and lower
particle temperature at the same oxygen concentration in O2/CO2 gas conditions. The spatio-
temporal evolutions of the gas-phase temperature and major chemical species for the duration of
combustion and beyond are obtained and shown in Chapter 3. The results show that, the highest
rate of chemical reactions appears during the combustion of volatile matters and the initation of
char combustion always slows down the reactions. Further, at lower oxygen concentration con-
ditions, the homogeneous combustion of volatile matters dominates the gas-phase temperature
and chemical species concentrations. While at higher oxygen concentration atmospheres, the
post combustion reactions have a greater influence on the temperature and species concentration
fields. It should be noted that, there are two different kinds of combustion modes observed in
the numerical simulations. When the single coal or biomass particle burning in O2/N2 envi-
ronments, the volatile matters is ignited at the same time with the char particle. However, the
devolatilisated gas is ignited once it is released from the coal and biomass particle and starts
combustion prior to the ignition of char particle in O2/CO2 environments.

Based on the validated numerical model, NOx and SOx modellings are conducted. Thermal-
NOx and fuel-NOx are considered for the NOx formation. An eight-step mechanism together
with one SO3 formation reaction are used for the SOx emission modelling. The overall NO, SO2

and SO3 PPM and emission rates are calculated to analyse the emissions characteristics. The
formation process of pollutant species including NO, HCN, NH3, SO2, SO3 and H2S is tracked
during the single particle combustion process. The results indicate that, more NOx emissions
are generated in O2/N2 atmospheres than O2/CO2 due to thermal-NOx formation, while CO2

background gas promotes the SO2 and SO3 emissions. Further, NO emission rate is higher in
O2/N2 gas conditions than in O2/CO2 atmospheres, and SO2 and SO3 emission rates have the
opposite trend. When oxygen concentration increases, all the emission rates decrease under
both atmospheres. In addition, oxygen concentration has a bigger impact on NOx emissions in
CO2 containing atmospheres, and SOx pollutants are sensitive to oxygen concentration in either
O2/N2 or O2/CO2 environments.

The unsteady gas-phase entropy generation due to heat transfer, mass transfer and chemical
reactions during single particle transient combustion process in varying O2/N2 gas conditions
are investigated based on the validated combustion model. The results were given in Chapter
5. The entropy generated by chemical reactions is the dominant source of irreversibility during
the single particle combustion process, and it increases sharply when the particle is ignited. The
entropy generated by the heat transfer is the second contributor, and it continues to be gener-
ated for a long time even after the extinction of the particle. The irreversibility due to mass
transfer is the main source of the entropy generation during the pre-ignition period where only
devolatilization happened, but overall it can be ignored. Moreover, the global entropy gener-
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ation raises when increasing the oxygen concentration and the increase is more significant in
moderately oxygenated conditions than oxygen-riched conditions.

Chapter 6 represents the experimental work of biomass packed bed smouldering combustion.
In the experiments, the ignition temperature varies from 220◦C to 280◦C and the air mass flow
rate changes from 0 to 2.4 LPM. The results show that, the ignition temperature has a greater
influence on the smouldering combustion than the air mass flow rate. The smouldering reaction
front keeps stable in lower temperatures and the instabilities and fingers appear when the igni-
tion temperature and air mass flow rate increase. For wheat straw packed bed, the critical value
is ignition temperature of 250◦C and air mass flow rate of 2.4 LPM. For wood bark, it is 280◦C
and 2.4 LPM. The combustion temperature has a great increase when the ignition temperature
and air mass flow rate are higher. Increasing the ignition temperature and air mass flow rate also
results in higher heating rate and faster reaction front speed. Moreover, under higher ignition
temperature, the differences of heat rate and reaction front speed under varying air mass flow
rate become more pronounced. Further, due to the different fuel properties of wheat straw and
wood bark, the smouldering combustion characteristics were different. The combustion temper-
ature and the heating rate are lower and the speed of reaction front is much slower during the
wood bark smouldering combustion process than those of wheat straw.

8.2 Recommendations for future work

In this work, the transient combustion of single Lignite coal and Bagasse biomass particle in
varying gaseous environments and the smouldering combustion of biomass packed bed were
investigated. Since the process of solid fuel combustion is complex, there is still a considerable
amount of work that can be done for further understanding of the combustion process. Therefore,
some suggestions are highlighted here for the future work.

1. The volatile matters were simplified to be treated as one species and ash content was
ignored during the transient combustion modelling. A more complicated composition of
volatile matters including several species can be considered during the devolatilization
process to obtain more comprehensive results. Moreover, the influences of ash on the
combustion process especially on the char combustion stage can be investigated.

2. The chemical reactions occurring during the transient combustion process under different
gas atmospheres are quite complicated. A more detailed reaction mechanism could be
used for the future numerical simulations. Attentions should be paid to the investigation of
different combustion modes (whether the volatile matters and char combust sequentially)
for coal and biomass under different oxygen concentration and background gas conditions.

3. This work looked into the evolution of gas-phase entropy generation when the single coal
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or biomass particle combust in varying O2/N2 gas environments for the first time. Further
work can be extended to the irreversibilities during the single particle combustion in vary-
ing O2/CO2 gas conditions. In addition, the NOx and SOx emissions during coal particles
in varying O2/CO2 gas conditions should be explored as well.

4. For the case of smouldering combustion of biomass packed bed, the effects of the size and
porosity of the packed bed and the biomass particle size on the smouldering combustion
can be investigated experimentally. In addition, mathematical or numerical modelling can
be done to compare with the experimental results and analyse the characteristics of the
smouldering combustion front.

5. The combustion properties of a small range of coal and biomass were investigated in this
work. Different types of coal particles including Bitumious and Anthracite and differ-
ent kinds of biomass sources including wood-based, herbaceous and fruit biomass can
be used for the numerical and experimental work. The investigations could provide bet-
ter understanding of their combustion behaviours and better guidances for their further
applications.
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Appendix A

Radiation distribution of gas-phase
temperature during combustion process
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(a) Active flow, 21%O2 & 79%N2
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(b) Active flow, 37%O2 & 73%N2
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(c) Active flow, 77%O2 & 23%N2
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(d) Active flow, 100%O2

Figure A.1: Distribution of gaseous temperature along a horizontal line initiating at the particle
centre during Bagasse particle combustion.
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(a) Active flow, 21%O2 & 79%N2
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(b) Active flow, 37%O2 & 73%N2
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(c) Active flow, 68%O2 & 32%N2
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(d) Active flow, 100%O2

Figure A.2: Distribution of gaseous temperature along a horizontal line initiating at the particle
centre during DECS-11 particle combustion.

Figure A.1 presents the radial distribution of gas-phase temperature along a horizontal line
initiating at the particle centre during the single biomass particle combustion under varying
gaseous atmospheres. The selected instances of time refer to devolatilization stage, around ig-
nition moment, char combustion stage and near end of particle combustion. The result of single
coal particle combustion is reported in Fig. A.2. The temperature profiles clearly show that the
temperature drops a bit prior to ignition due to the endothermic devolatilisation process and the
highest temperature appears at the moment of ignition. At the late period of particle combustion,
the gas-phase temperature around the particle is much closer to the surrounding temperature due
to the reduction in chemical reactions and heat transfer to surrounding environment.



Appendix B

Validation of Sulphur partition
assumptions

The validation of sulphur partition assumption is conducted to confirm the changing trends
of SOx emission are the same under different chemical composition of the surrounding atmo-
spheres. The partition assumptions are shown in Table B.1.

Table B.1: Partition assumptions of Sulphur
Case 1 Case 2 Case 3 Case 4 Case 5

Partition of Volatile-S 33% 67% 50% 33% 33%

Partition of Char-S 67% 33% 50% 67% 67%

Partition of H2S 40% 40% 40% 70% 50%

Partition of SO2 60% 60% 60% 30% 50%

The changing trend of total mass fraction of SO2 and H2S and the percentage of SO2 and H2S
formation during the transient combustion process under different gas conditions are used to val-
idate the partition assumption. The compared results are shown in Figs B.1-B.6. It is clear from
these figures that although the total amounts vary, the changing trends under varying gas condi-
tions for different partition assumptions are the same in general. This indicates that changes in
distribution of sulphur in the volatile and char does not influence the qualitative analysis in any
considerable way.
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(d) Case 4
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Figure B.1: Mass fraction of SO2 in O2/N2 environments with partition assumptions (t=100ms).
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Figure B.2: Mass fraction of SO2 in O2/CO2 environments with partition assumptions
(t=100ms).
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Figure B.3: Mass fraction of H2S in O2/N2 environments with partition assumptions (t=100ms).
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Figure B.4: Mass fraction of H2S in O2/CO2 environments with partition assumptions
(t=100ms).
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(b) Case 2
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(c) Case 3
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(d) Case 4
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Figure B.5: Percentage of SO2 formation during combustion process under varying gas condi-
tions with partition assumptions.
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(b) Case 2
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(c) Case 3
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Figure B.6: Percentage of H2S formation during combustion process under varying gas condi-
tions with partition assumptions.


