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Abstract

Coal consumption is predicted to account for about 21% of the total global pri-

mary energy in 2040 and this continues to be a challenge for global warming and

air pollution. Oxyfuel combustion is one of the leading options for carbon cap-

ture and storage (CCS) technologies to reduce the impact on the environment.

Initially this technology has been studied successfully on small-scale facilities but

it needs to be developed for large-scale applications. CFD has been demonstrated

to be a key tool for the development and optimisation of pulverised coal combus-

tion processes and it is still an important tool for new designs and retro-fitting

of conventional power plants for oxyfuel combustion.

Radiation heat transfer plays an important role, influencing the overall com-

bustion efficiency, pollutant formation and flame ignition and propagation. This

thesis focuses on the radiation properties of the particles as well as gas property

models on the overall influence of the prediction of the formation of NOx pollu-

tants in pulverised coal combustion. The radiative properties of the particles are

investigated with a focus on the effect of the optical properties and approximate

solutions to determine the radiative properties, with different experimental data

for the optical properties and approximate solutions being employed. The effects

of the radiative properties on the radiative heat transfer are investigated in three-

dimensional enclosures for small and large-scale furnaces and implemented on a

250 kW pilot scale combustion for both air and oxyfuel conditions. The results

from the study highlights the best selection for the particle properties for simu-

lations in small and large-scale pulverised coal furnaces and employing radiation

models for the gases and particles to improve the NOx predictions in pulverised

coal combustion under air and oxy-fired environments.
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1 Introduction

From the BP Energy Outlook 2018 [1], the total primary energy in the world over

the last 27 years (1990 to 2016) has increased by 63% and this is predicted to

increase less quickly over the next 25 years, namely by 35% from 13,276 million

tonnes in 2016 to 17,983 million tones in 2040, with the average increase in the

rate being 1.3% per year lower than the average of the last 26 years, namely 1.9%.

The global coal demand has grown by 2.0% per year between 1990 and 2016 and

it is projected to flatten over the next 25 years. In 2016, coal consumption

accounted for 28% of the total primary energy, the second largest fuel after oil

(33%). Although coal consumption is predicted to decrease to 21% in 2040, it is

still one of the most consumed fuel after oil and gas.

Global warming refers to the increase in the average temperature of the earth.

The warming in the climate system is partly due to an increase in greenhouse

gases (GHG) that are emitted from human activities [2]. Since the Industrial

Revolution, human activity has increased the amount of greenhouse gases in

the atmosphere, and this has led to increased radiative heating. CO2 emissions

have increased by an average rate of being 2.1% from 1995 to 2015, and the

rate is projected to grow at 0.6% per year over the next 20 years [3]. From

the World Energy Outlook 2016 [4], 42% of the CO2 emissions come from the

power sector, with about 13.5 Gt and for which coal power plants are responsible

for about three-quarters [5]. Increasing the efficiency of coal fired plants and

applying Carbon Capture storage has received significant attention over the past

two decades by worldwide organisations in order to reduce the CO2 emissions and

to reduce the impact of global warming.
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According to the report of the International Energy Agency (IEA) for 2015,

the power sector is responsible for one-third of the global SO2 emissions and 14%

global NOx emissions. The NOx emissions mainly come from combustion activity,

with 60% from burning oil, 15% from coal, natural gas and bioenergy account

for 9% and 4%, respectively. Coal is the main fuel that is responsible for air

pollutant in the power sector, with three-quarters of the sector’s SO2 emissions

and 70% of its NOx emissions [6]. The pollutant reducing technologies in the

power sector can be classified into two types: primary combustion technologies,

improving combustion technologies, using low-NOx burner, and end-of-pipe tech-

nologies, removing NOx from flue gas before releasing it to environment [6]. The

introduction of higher emission standards for coal-fired power stations results in

using coal that has a lower sulphur content and improving the pollutant technolo-

gies. This can be seen over the period from 2005 to 2015, where coal-fired power

plants have increased 34%, while the emissions from the total power sector, such

as SO2 and NOx have decreased by 55% and 34%, respectively [4]. The NOx

emission standards for existing and new power plants are different for different

regions and countries, see Table 1.1.

1.1 Carbon capture technologies

Carbon capture and storage (CCS) is a key to its future role in the energy mix

[7]. The CCS process consists of capturing CO2 from the combustion product,

transporting and storing the CO2 deep underground [5, 8]. In recent years, the

transport of CO2 has been considerably developed [9], including pipeline net-

works, ship transport, etc. With CO2 storage, deep saline formations have been

identified as a great potential for the geological storage of CO2[10]. Three main

technologies have been proposed for the capture of the CO2 emissions from coal-

fired power plants: Post-combustion capture, Pre-combustion capture, Oxy-fuel

combustion [5, 11–13] as follows:

(i) Post-combustion capture see Fig. 1.1: The CO2 separation from the flue

gas for the carbon capture occurs downstream of the furnace. In pulverised coal
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Table 1.1: NOx emission limitations for currently operating power plants and
new power plants in selected countries/regions (mg/m3) [6].

Regions Existing plants New plants
China 200 100
European Union 200-450 150-400
United state 117-640 117
India 300-600 100
Indonesia 850 750
Japan 123-513 123-513
Mexico* 110-375 25-375
Philippines 1000-1500 500-1000
South Africa 1100 750
Korea 308 164
Thailand 400 200
Vietnam 1000 650-1000

Note: * for Mexico, NOx are expressed in parts per million by volume (ppmv).

combustion plants, the combustion products consist mainly of nitrogen, CO2 and

water, with about 15% concentration of CO2 by volume at pressures close to that

of the atmosphere [5] and the volume flow rate of flue gas is very large. The

separation of the CO2 from the flue gas can be based on technologies, such as

absorption [14], adsorption, cryogenics and membranes [15]. In these options,

the amine-based solvents is the one that is most developed, that is often selected

and developed for the post-combustion capture [9]. The post-combustion capture

technology is the simplest way to be implemented and it is the most suitable for

the retrofitting of the existing power plants because it requires the least modi-

fications to the power plants [16]. The disadvantage of this technology is that

a large amount of the energy is required to generate the solvent, about 80% of

the total energy of process. This can result in a 10% energy efficiency penalty

[17]. Another disadvantage of the post-combustion capture procedure is the low

concentration of the CO2 in the flue gas at low pressure requires a large size
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equipment and a high capital cost [12].
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Figure 1.1: The post-combustion CO2 capture procedure, adapted from [18].

(ii) Pre-combustion capture see Fig. 1.2: Fossil fuels and biomass are gasified

to create a mixture known as synthesis gas or "syngas", consisting mainly of

carbon monoxide (CO) and hydrogen (H2). The CO in the syngas then reacts

with the steam according to the exothermal water-shift reaction, Reaction (R1.1),

to create the CO2 and more H2 as [5]:

CO + H2O
 CO2 + H2 + 41 kJ/mol (R1.1)

The CO2 is separated from the syngas for storage while the gas can then be used

in the combustion process of the gas turbines or fuel cells. The CO2 conditions in

the pre-combustion process is different from that in the post-combustion process,

having a concentration that ranges from 15% to 60% and it has a high total

pressure of about 2 to 7 MPa [19]. The physical CO2 absorption solutions to

separate the CO2 from the syngas, and therefore, will have a much lower energy

consumption [13]. The disadvantage of the pre-combustion capture is the high

investment costs required [12].
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Figure 1.2: The pre-combustion CO2 capture procedure, adapted from [18].

(iii) Oxyfuel combustion see Fig. 1.3: Instead of using air as the oxidizer in

the combustion, a mixture of oxygen O2, which is separated from the air, and

recycled flue gas is used. The use of recycled flue gas is in order to maintain the
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same operating temperature of the furnace. The main advantage of the oxyfuel

combustion is that the gas products have a high CO2 concentration and this is

convenient for CCS. Under oxyfuel combustion conditions, the NOx emissions are

also reduced. For more details on the oxyfuel combustion, see Section 1.2
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Figure 1.3: The oxy-combustion CO2 capture procedure, adapted from [18].

1.2 Oxyfuel combustion

The idea of applying the oxyfuel combustion with flue gas recycle in coal-fired

plants was first proposed in 1982 [20]. This process was investigated by the

Argone National Laboratory (ANL) in the mid and late 1980s, focusing on the

system and combustion characteristics [21]. Since the 1990s, this process has

been studied widely and has become one of the three main approaches for carbon

dioxide capture.

1.2.1 Oxyfuel combustion systems

The simplification of the coal-fired oxy combustion process is shown in Fig. 1.4,

where, pure oxygen (95-99%) separated from the air by the Air Separation Unit

(ASU) and it is mixed with the second flue gas recirculation (FGR) containing

mainly CO2 and supplied to boiler as an oxidant flow. The second flue gas can be

recycled directly (wet recycle) or dried before returning to the boiler (wet recycle).

The pulverised coal for the combustion is carried by the primary flue gas, which

is pre-heated. The combustion products after the boiler are separated the NOx,

Ash and SO2 by the Selective Catalytic Reduction Reactor (SCR), electrostatic

precipitator (ESP) and the Flue Gas Desulphurization (FGD), respectively. A

majority of the flue gas, about 70% to 72 Vol%, is recycled into the combustion
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to regulate the combustion process with regards to the temperature [22]. The

rest of the flue gas, mainly the CO2 and some of the non-condensable gases, e.g.

O2, N2, enter the CO2 compression and the Purification Unit (CPU), where the

non-condensable gases are separated in order to release to the environment and

the CO2 is compressed for transportation and storage.
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CO2 
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Non-condensable gas 

CO2 storage 

ESP Boiler 

NOx Ash SOx 

N2 

Coal mill 

O2 

Pre-heater 

Secondary FGR 

Primary FGR Turbine 

Air 
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Figure 1.4: Schematic of the coal-fired oxy combustion process adapted from
[23–25]. ASU: air separation unit, SCR: selective catalytic reduction reactor,
ESP: electrostatic precipitator, FGD: flue gas desulphurization, FGR: flue gas
recirculation. (dashed lines : optional recycle secondary FGR).

With the current state and size of power plants, the Air Separation Unit (ASU)

using a cryogenic air separation technology is considered as the most appropriate

technology for separating O2 in the oxyfuel combustion technology [26]. While

the ASU is a mature technology, the CPU is a relatively new technologies in the

CCS [27]. Both of these technologies have a significant energy consumption, with

the overall net efficiency being expected to be decreased by 8% to 12% [24]. Also

this is a challenge for the oxyfuel combustion. Therefore, many studies have been

focused on increasing the energy efficiency of the ASU and CPU [27–29].

1.2.2 Heat transfer under oxy-coal combustion

Under oxyfuel combustion, the concentration of carbon dioxide and water vapor

are increased significantly because of the recycled flue gas and this also causes

changes in the heat transfer from the flame. The higher specific heat of CO2,
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compared with that of nitrogen, changes the heat transfer (both convection and

radiation) under oxyfuel combustion compared to that of air combustion [30, 31].

Experimental studies [32–34] have shown that, with the same oxygen concentra-

tion (21%Vol O2), the flame temperature under the oxy combustion is lower than

that for the air condition and therefore the ignition of the particles are delayed.

Therefore, maintaining the same heat transfer characteristics needs to be consid-

ered when retrofitting conventional air-fired combustion to oxy-fired combustion.

To obtain a stable flame, and similar adiabatic flame temperatures to that of air

condition, some solutions to this issues have been proposed, such as changing

the oxygen concentration, recycling the flue gas [35, 36], changing the burner

[37, 38], etc. The range of oxygen concentration from 21- 45% has been examined

for oxyfuel combustion in both experimental and numerical studies to find the

optimal oxygen concentration that can match the heat transfer to that for the

air condition. Some results for the oxygen volume concentration are presented in

Table 1.2 which shown for the concentration of O2 to be in the range 27-34% for a

good match of the heat transfer for the air condition. However, all experimental

studies were performed on pilot scale facilities, and therefore the studies on the

large scale boilers need to be performed.

1.2.3 Pollutant emissions in oxy-coal combustion

Pulverised coal combustion results in some pollutants, such as NOx, SOx, mercury

and particulate mater including soot and flyash. In the scope of this thesis,

the formation and reduction of NOx are mentioned under both air and oxyfuel

conditions. NOx pollutants from the flue gas in conventional pulverised coal

combustion consists of more than 95% NO and the remainder is NO2 [43]. Under

oxyfuel combustion, many experimental and modelling studies have shown that

the emissions per unit heat produced is significantly reduced compared to that of

the air-fuel combustion [32, 33, 44–54]. It is clear that the thermal and prompt NO

formation mechanisms under oxyfuel conditions are almost eliminated because

of the replacing of the presence of nitrogen by CO2. However, this is not the
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Table 1.2: Experimental results for the oxyfuel combustion with different oxygen
concentrations on the pilot scale facility.

Reference Unit description O2Vol% Comparison to air case
Liu et al. (2005) [32] Experiment,

20kW facility
30 Matching gas temperature

profile
Tan et al. (2006) [33] Experiment,

0.3MWth facil-
ity

28, 35 28%: slightly lower heat
flux and in-flame temper-
ature, 35% slightly higher
heat flux and temperature

Zhang et al. (2015) [39] Experiment
and modelling,
3MWth facility

27, 30 27% for dry coal(40%
wt moisture), 30% wet
coal(24% wt moisture)

Gou et al. (2017) [40] Experiment
and modelling,
35MWth boiler

28 Match average temperature
and heat flux distribution

Hu et al. (2013) [41] Numerical
study, 300MW
boiler

33 Match the highest flame
temperature and total heat
transferred through the side
walls

Wu et al. (2016) [42] Numerical
study, 350MW
boiler

26 The temperature is lower,
heat absorbing capacity of
waterwall less than 7-12%

main contribution to the reduction of NO because more than 80% NO is created

from the Fuel-NO mechanism under the condition of pulverised coal combustion

[55, 56], while the reduction of NO under oxyfuel condition reaches to an average

of 65% of the emissions at air-fuel condition [47, 49–52, 57]. The reduction causes

of NO under oxy condition have been shown for some other reasons, such as the

higher NO concentration reducing the conversion of fuel-nitrogen to NO [32, 50,

58] and this also reduces the conversion of char-N to NO [59], reburning the NO

recycled by reactions with the hydrocarbon radicals CHi [33] and enhancing the
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heterogeneous reburning because of the higher CO concentration [32], etc.

1.3 Combustion modelling

The development of computers over the last decade has brought powerful tools,

such as CFD in to both the academia as well as in the industrial sectors. Compu-

tational modelling plays a very important role in the understanding, developing,

operating and optimising the combustion process. The main advantage of CFD

is that it can be a cheaper approach and less time consuming compared to exper-

imental investigations. Under conventional combustion, CFD has been demon-

strated to be a key tool for the development and optimisation of pulverised coal

combustion processes. Under oxyfuel combustion, CFD is still an important tool

for new designs and the current task is focused on retro-fitting of conventional

power plants.

Currently, the modelling of oxyfuel combustion is based on the sub-models

developed for air-fired conditions. Changes in the combustion environment under

oxyfuel combustion requires some models to be developed and validated to make

it applicable to the new combustion environment. The models recommended to

be modified or can be used for both air and oxyfuel conditions can be found in the

review of oxyfuel combustion by Yin and Yan [60]. In this review, the radiation of

the gases, gas combustion, char reactions and NO emissions need to be modified

when used for an oxy-fired environment while the turbulence, particle radiation,

particle thermaldynamic and votalisation models can be applied for both air and

oxyfuel combustions.

The characteristics of radiative heat transfer under oxyfuel combustion are

different from those of air-fuel combustion. Therefore, this is considered to be a

first priority for the study of retrofitting to keep the same heat transfer condi-

tion in the furnace to that of the oxy-fired condition as in the air-fired condition

[25, 60]. The higher concentration of CO2 and H2O can result in higher partial

pressures, absorptivity and emissivity of the gas phase. The spectral models for

radiation of gases are believed to be applicable in oxyfuel combustion because
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the absorption characteristics of each species are calculated over spectral bands.

However, these models are computationally expensive so they are mainly used as

a benchmark to evaluate other simplified models. The weighted sum of grey gas

(WSGG) model correlated by Smith et al. [61], which assumes the non-grey gas

as a number of grey gases having constant absorption coefficients independent

of the wavelength, is the most popular model in CFD investigation, but it has

parameters based on the air-fired condition and therefore this model is not appro-

priate for oxyfired combustion. Many efforts have been focused on correlations of

the WSGG models for oxyfuel conditions can be found in the literatures [62–67].

The sub-models for particle radiation are considered to be similar for both the

air and oxy-fired combustions.

The NO formation under pulverised coal combustion occurs from the mech-

anisms: Fuel-NO, Prompt-NO, thermal-NO, and N2O mechanisms. The NO

destruction by the reaction of NO with the hydrocarbons, named reburn, and the

heterogeneous reaction of NO with the carbon atoms on the char surface. The

formation and destruction of NO are often described in CFD by postprocesses.

Apart from CO2 capture purpose, oxyfuel combustion is considered as a an ef-

fective solution for the reduction the NO emissions because of the reburning NO

from the recycled flue gas. Also replacing nitrogen by CO2 under oxyfuel combus-

tion almost eliminated the thermal-NO and prompt-NO mechanisms. Existing

sub-models for prediction NO emission are developed for air combustion. Some

studies have shown that the NO formation and reduction mechanisms in oxyfuel

combustion are fundamentally similar to those in air condition [24, 68, 69]. Some

other studies suggested that NO formation and reduction mechanisms under oxy-

fuel combustion have not yet been well understood and therefore further studies

on NO need to be performed [58, 60, 70, 71].

1.4 Objectives

The objectives of this study are divided into 2 main parts: The first one is the

evaluation of the gas and particle radiation in pulverised coal combustion under
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air and oxyfuel conditions. The second part is the effect of the gas and particle

models on the radiative heat transfer as well as NO pollutant in a pilot-scale

facility.

The evaluation of the particle radiation is focused on the optical properties of

the particles, and solutions to defining the particle properties. This is performed

for both small and large-scale furnaces and for both air and oxy-fired conditions.

In addition, the radiation solutions for the gas, both grey and non-grey models,

are developed and those are coupled to the particle radiation. The study high-

lights the best selection of the particle properties for the simulation of small and

large-scale pulverised coal furnaces under both air and oxy-fired environments.

Investigation on the effects of the gas and particle properties on the radiative

heat transfer are implemented on the pilot-scale facility, the 250 kW pilot scale

combustion test facility (CTF) of the Pilot-scale Advanced Capture Technology

(PACT) facilities operated by the UK carbon capture and storage research centre

(UKCCSRC). The simulation results are compared against experimental data for

different operating conditions and the effect of gas and particle radiation on the

NO emissions are also investigated.

1.5 Thesis outline

The contents of the study are presented in 6 chapters. Chapter 1 introduces the

carbon capture technologies, oxyfuel combustion and the role of computational

fluid dynamics in combustion. The objectives and contents of the study are also

outlined in this chapter. Chapter 2 reviews combustion modelling, the radiation of

the gas and particle phases and the NOx emissions in pulverised coal combustion.

In this chapter the mathematical models for the simulations performed in later

chapters are discussed. Chapter 3 evaluates the effects of optical constants, and

approximate radiative property models on radiative properties of particles. The

validations of radiation models developed for gas and particle are also performed

in this chapter. The investigation of the effects of the radiative properties of

particles and the solutions to define the particle properties on the radiative heat
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transfer in small and large scale furnaces are performed in Chapter 4. As an

engineering application, Chapter 5 investigates the influence of the particles on

the radiative heat transfer on the 250 kW pilot-scale facility. In this chapter, the

effects of the radiation solutions on the NO emissions are also discussed. The

final chapter, Chapter 6, consists of the conclusions of the study and suggests

possible further studies in pulverised coal combustion.
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2 CFD modelling for coal combustion

Computational fluid dynamic (CFD) modelling has become a powerful and ef-

fective tool for the design and optimisation of pulverised coal combustion. Com-

bustion is one of the most complicated processes since it involves simultaneously

physical and chemical processes, such as fluid dynamics, turbulence, heat transfer

and chemical kinetics. Therefore, although combustion is a mature technology, it

is still a challenge for mathematical modelling [72]. The combustion processes can

be simulated by CFD based on solving simultaneously the conservative equations

for mass, momentum, and heat transfer with some simplifications. Therefore the

validation of the the sub-models need to be performed when they are applied for

simulation [73]. Furthermore, in the available CFD codes, solving sub-processes

in the pulverised coal combustion are supplied by simplified sub-models in order

to save computational time and this can reduce the accuracy of prediction results

[74]. A more exact solution for analysing the combustion process needs to apply

a more accurate theory for a sub-process and this often requires more compu-

tational time. It is important to clearly identify and implement sub-models for

modelling the combustion processes which can be described based on fundamen-

tal principles. Understanding combustion knowledge can help to enhance and

develop sub-models for combustion of specific interest.

CFD codes have been demonstrated to be powerful tools in the air-fuel com-

bustion. Under oxyfuel combustion, the air is replaced by a mixture of the flue gas

and pure O2, with a flue gas resulting in a high concentration of CO2. This brings

a new challenge for existing CFD codes since assumptions and approximations

for sub-models may not be compatible with the CO2-rich environment. Most of

the current studies on oxyfuel combustion are mainly towards the retrofitting of
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the convectional boilers [52]. However, further efforts still need to be done on

the oxyfuel modelling in order to make it become a powerful tool in the oxyfuel

combustion technology development as it has ben demonstrated in the air-fired

combustion development [60]. In particular, significant challenges are expected

in the combustion process, including the flame stability and pollutant emissions,

burner aerodynamics and scaling, as well as determining the optimal operating

conditions [25].

In this chapter, the underlying physics and chemistry sub-processes for CFD

modelling of pulverised coal combustion will be reviewed, such as turbulence and

particle combustion sub-processes are mentioned in Section 2.1. The radiation of

gases and particles are presented in Section 2.2. In this section, different models

for the gas and the particles are used for the studies in the thesis are reviewed.

The pollution of NOx is mentioned in Section 2.3.

2.1 Coal combustion modelling

Pulverised coal combustion is a complex process since it involves the simultaneous

processes such as turbulence, chemical reaction and heat transfer [72]. Therefore,

a confident results in the modelling needs to consider all the factors that effect

the combustion process. This section reviews the fundamental principles for CFD

modelling, turbulence models and particle combustion modelling. Further, the

influence of the oxyfuel condition in the prediction of the results of the sub-

models, which were originally developed for modelling the air condition, are also

discussed.

2.1.1 Governing equations

- Conservation of mass: The change of mass density with time, ∂ρ/∂t, is equal to

the mass flow entering and leaving an infinitesimal control volume as expressed

by the conservation of mass equation in Cartesian coordinates

∂ρ

∂t
+

∂

∂xi
(ρui) = Sm (2.1)
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where ρ is the fluid density, ui is the velocity components in each the xi directions.

The source terms Sm is the mass added to the control volume of the continuous

phase from the discrete phase.

- Conservation of momentum: Conservation of momentum in jth direction of an

inertial reference frame is described by

∂

∂t
(ρuj) +

∂

∂xi
(ρuiuj) =

∂τij
∂xi
− ∂p

∂xj
+ ρgj + Suj (2.2)

where p, τij and gj are the static pressure, stress tensor and gravimetric acceler-

ation, respectively. Suj is the source of momentum in jth direction added to the

control volume. The stress tensor relating to the velocity components is given by

τij = µ

(
∂ui
∂xj

+
∂uj
∂xi
− 2

3

∂uk
∂xk

δij

)
(2.3)

where µ is the molecular viscosity, δij is the Kronecker-Delta operator ( δij=1 if

i = j and δij=0 if i 6= j).

- Conservation of energy: The balance of energy in a infinitesimal control volume

can be written as

∂ (ρE)

∂t
+
∂ (ρuiE)

∂xi
=

∂

∂xi

(
keff

∂T

∂xi

)
− ∂uip

∂xi
+

∂

∂xi
(τijuj)− ρgiui + Srea + Srad

(2.4)

where keff is the effective conductivity defined by summation of conductivity of

gas, k, and turbulent thermal conductivity kt. The source terms for the change

in reaction and radiation are Srea, Srad, respectively, and E is the total energy

per unit mass.

The set of transport equations for the mass Equation (2.1), momentum Equa-

tion (2.2) and energy Equation (2.4) are sufficient to describe the turbulent fluid

flow with no reaction. In pulverised coal combustion phenomenon, the species

transport equation is involved. The discrete phase is often modelled in a La-

grangian frame by tracking a large number of particles. The change of mass,

momentum and energy of the discrete phase are added to the continuous phase

through the source terms.
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2.1.2 Turbulence modelling

Turbulence is a common state in fluid flows and it plays an important role in

most practical combustion processes. Characterisations of the gas flow can be

described by the Reynolds number, Re = ωcL/ν, which is a dimensionless quan-

tity composed of the average velocity ωc, characteristic length L, and kinematic

viscosity ν of the fluid. Although the Navier-Stokes equations can resolve both

laminar and turbulent flows, because of the computational limitations, the Direct

Numerical Simulation (DNS) can only be applied to solve simple flows and at a

small and moderate value of the Reynold number. Several turbulence models have

been developed to deal with large Reynolds number flows and these are based

on the Reynolds-averaged Navier-Stokes (RANS) or the Large Eddy Simulation

(LES). Computational Fluid Dynamics (CFD) modelling of turbulent combustion

is still largely based on RANS [25]. This is because it provides reasonably accu-

rate flow solutions and also it is fast computationally, especially for the numerical

computation of combustion flows.

2.1.2.1 Direct Numerical Simulation

DNS solves all scales of the reacting flow problems. The unsteady Navier-Stokes

equations are solved with a sufficiently fine grid that fits the Kolmogorov length

scales which are the smallest hydrodynamic scales in turbulent flows. Because

of the need to employ such a small size mesh, this method requires very fast

computational power and it is currently impractical for numerical predictions of

complex flows in combustion flows. The DNS is used to validate other methods,

such as RANS, LES [75] in single flow configurations. The DNS method has been

applied for predicting the pulverised coal combustion by Luo et al. [76].

2.1.2.2 Reynolds-averaged Navier-Stokes

In the RANS approach, instantaneous variables of the Navier-Stokes equation are

decomposed into the mean and fluctuating components:

φ = φ̄+ φ′ (2.5)
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where φ denotes a vector or a scalar such as energy or species concentration.

Inserting the variable decompositions in Equation (2.5) for velocity into the con-

servation equation for mass Equation (2.1) and momentum Equation (2.2) we

obtain equations for time-averaged variables for mass Equation (2.6) and mo-

mentum Equation (2.7) as follows:

∂ρ̄

∂t
+

∂

∂xi
(ρ̄ūi) = Sm (2.6)

∂

∂t
(ρ̄ūj) +

∂

∂xi
(ρ̄ūiūj) = − ∂p̄

∂xj
+

∂

∂xi

(
τ̄ij − ρ̄u′iu′j

)
+ Suj (2.7)

where the mean stress tensor, τ̄ij, is defined as:

τ̄ij = µ

(
∂ūi
∂xj

+
∂ūj
∂xi
− 2

3

∂ūk
∂xk

δij

)
(2.8)

Equations (2.6) and (2.7) are called the Reynods-averaged Navier-Stockes (RANS)

equations where the variables are presented as time-averaged values. However,

in the RANS equation there appears a new term −ρ̄u′iu′j called the Reynolds

stress and this unknown term must be modelled in order to close Equation (2.7).

The RANS models can be closed by (i) eddy viscosity models (via the Boussi-

nesq hypothesis) or (ii) Reynolds-Stress Models (via transport equations for the

Reynolds stresses).

(i) eddy viscosity models based on the Boussinesq hypothesis is where the

relation between the Reynolds stress and the mean velocity are expressed as

follows;

−ρ̄u′iu′j = µt

(
∂ūi
∂xj

+
∂ūj
∂xi

)
− 2

3

(
ρ̄k + µt

∂ūk
∂xk

)
δij (2.9)

where µt is the turbulent viscosity. The turbulent kinetic energy, k, is defined as

k =
1

2
u′iu
′
i (2.10)

Different models have been developed to calculate the turbulent viscosity µt and

these models are normally classified by the number of partial differential equations

employed for the calculation, such as zero-equation models, one-equation models
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and two-equation models. The two-equations describe the turbulent viscosity

as a function of k and the turbulent dissipation rate, ε, or k and the specific

turbulent dissipation rate, ω, e.g. the standard k − ε model [77], the standard

k− ω model [78] and their variation of these models such as the RNG k− ε [79],

Realisable k−ε [80] and SST k−ω models [81]. A limitation of the eddy viscosity

models is that the Reynolds stress is assumed to be proportional to the mean flow

strain rate and the turbulence viscosity is isotropic, and therefore it may not be

represented correctly for the anisotropic phenomenon, such as in swirling flows

that are typical in pulverised fuel combustion [82].

(ii) The Reynolds Stress Model (RSM) [83, 84] closes the RANS equation by

solving additional transport equations for the Reynolds stresses plus an equation

for the dissipation rate. In 3D flows seven additional transport equations must be

solved that are 6 transport equations of Reynolds stresses corresponding to the six

different Reynolds stresses (u′1u′1, u′2u′2, u′3u′3 and u′1u′2, u′1u′3, u′2u′3) and an equation

for the dissipation rate. The advantage of this model is that it has great potential

to give accurate predictions of complex flows. However, the effect of including

additional resolving equations results in more computationally expensive time

being required.

2.1.2.3 Large Eddy Simulation

The LES model resolves the large scales of the turbulent flows directly, while the

small scales of the turbulence, which are assumed to be less dependent on the

geometry, are modelled. The resolving of only these large eddies allows the use

of much coarser meshes and larger time-step sizes in LES than in DNS. However,

LES still requires substantially finer meshes than those typically used for RANS

calculations. Therefore, LES falls between the DNS model and the RANS model

in terms of computational cost.

Under Oxyfuel condition, the flue gas recycle flow and flue gas composition

can change burner aerodynamics, the flame shape [34, 85]. However, there is no

impact of the oxyfuel condition on the modelling capabilities of the turbulence
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models [60]. The standard k − ε model has been widely employed in oxyfuel

modelling, followed by the Realisable k − ε and the LES [25, 60].

2.1.3 Particle combustion modelling

Combustion process modelling of a particle can be defined by 4 main stages

[86, 87] (i) Inert heating, (ii) Devolatilisation, (iii) Volatile combustion and (iv)

Char combustion. Fig. 2.1 schematically illustrates the combustion process of a

particle. Once the particle enters the furnace, the drying process occurs under

the effect of the temperature of the furnace, the particle size, and the moisture

content and porosity of the particle. As the particle is being heated, evaporation

occurs. Following the heating process, the particle is further heated up to the

devolatilisation (pyrolysis) temperature. As a result of the drying and heating, the

particle may shrink, thus reducing its volume and pore sizes it starts to fragment

[88]. The devolatilisation process produces volatile matter that is composed of tar

(heavy hydrocarbon CxHyOz), lighter gases (CH4, C2H4, C2H6, CO, CO2, H2O,

H2, etc.) and char (the residual solid mainly carbon and ash) [88, 89]. In the

volatile combustion process, the volatiles react with the oxygen in the air. This

increases the temperature of the surrounding environment and produces CO2 and

H2O. The char combustion is a heterogeneous gas-solid reaction that takes the

most time in the total burning time of the particles [43, 90].

Figure 2.1: Schematic of the combustion process of coal particles [88].
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A comprehensive knowledge of particle combustion processes has been out-

lined by Hutny et al. [91]. Further CFD-based particle combustion models have

been introduced by Lu et al. [92] who studied the combustion behaviours: dry-

ing, pyrolysis, and reaction rate of single particles of solid biomass. Yang et al.

[93] and Baum and Street [94] have performed experimental investigation and

produced CFD models to study the combusting behaviour of particles

2.1.3.1 Heating of particle

The heating-up process of a coal particle is very fast when the particle enters the

combustion furnace [87, 90]. This process includes the heating of the particle to

the devolatilisation temperature and the moisture vaporisation from the particle.

The heat transfer process in the heating particle includes the convective and

the radiative heat transfer that occur from the surroundings to the surface of

the particle and the heat conduction within the particle [95]. Under the oxyfuel

combustion, the difference in the characteristics of the surrounding gases and

temperature can results in a change in the heating and the evaporation of the

particle and consequently this may influence the heating rate.

The heating rate, the rate of change of the particle temperature with time,

depends on the initial particle temperature, particle size, temperature and com-

bustion gases [96]. The heating rate of a coal particle in the pulverised coal

combustion is quite fast, about 105 K/s, and can vary significantly between ex-

perimental studies [87]. The heating rate for a coal particle having a 100 μm

diameter has been studied by [25] for both the air and oxy conditions. The re-

sults showed that the particle heating rate is more significantly influenced by the

gas temperature than the gas compositions and with the same temperature, the

particle heating rate under the oxyfuel condition is slightly higher than that in the

air-fuel condition. This is due to the thermal conductivity of the CO2 is slightly

higher than that of the air condition. The heating rate of the coal particles in

the gas steam can be calculated from the heat balance equation [25, 87, 97] as

mpCp
dTp(t)

dt
= hAp (Tg − Tp) + εpσAp

(
T 4
f − T 4

p

)
(2.11)
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where mp, Cp are the mass and specific heat of the particle respectively, Ap is the

particle surface area, εp is the emissivity of particle, σ is the Stefan-Boltzmann

constant, and Tg, Tf , Tp are the local temperature of surrounding gas, flame

temperature and particle temperature, respectively. The heat transfer coefficient,

h, is calculated as [98]

Nu =
hdp
k∞

= 2.0 + 0.6Re
1/2
d Pr1/3 (2.12)

where dp denotes the particle diameter, k∞ is the thermal conductivity of the

continuous phase, and Re and Pr are the Reynold number and Prandtl numbers,

respectively.

In pulverised coal combustion models, the temperature within the particle is

often considered to be uniform [93]. This may lead to the an inaccuracy in the

combustion process modelling, especially when considering large particles, such

as biomass. Gubba et al. [95] developed a model for the heat transfer within the

large particles. This model takes into account of the effect of the particle size

and shape distribution on the internal thermal gradients.

2.1.3.2 Devolatilisation

Devolatilisation is a complex process and it has a strong influence on the com-

bustion of the pulverised coal combustion and the volatile yield. And therefore,

ignition, stability of flame, char burnout and pollutant emissions are also affected

[60]. Devolatilisation characteristics depend on the type of particle, particle size

and operation conditions, e.g., the heating rate, temperature, environment gas

compositions, pressure [91, 99–101].

Coal devolatilisation models can be classified into two groups [87, 88]: global

kinetic models and network models. The global kinetic models are simplest mod-

els, such as single-step kinetics model [102], two-step kinetics models [103] and

distributed activation energy models [104]. The network models, such as the

Functional Group-depolymerization Vaporization Cross-linking (FG-DVC) model
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[105], the FLASCHAIN model [106] and the Chemical Percolation Devolatilisa-

tion (CPD) model [107–109], have been considered as accurate models to describe

devolatilisation processes, however, they are computational expensive.

In the case of the single rate model of devolatilisation, the devolatilisation is

described by a simple reaction as [87]

Coal k1−→ XVolatiles + (1−X)Char (R2.1)

where X is the mass fraction of volatiles. The devolatilisation rate constant, k1,

is correlated with the particle temperature by an Arrhenius expression as

k1 = A1exp(−E1/RTp) (2.13)

where A1, E1 is the pre-exponential factor, and activation energy, respectively, R

is the universal gas constant and Tp is the particle temperature. The empirical

parameters, A1, E1, can be correlated from experimental data or from more

complex network models. The rate of of devolatilisation can be expressed as

dV

dt
= k(Vinf − V ) (2.14)

where Vinf is the mass fraction of volatiles released at t = ∞. V is the fraction

of volatiles released at time t.

The Competing Two Step Model approximates the devolatilisation by two

single rate reactions as [103]

 

 

 

 

  

k1 

k2 

1Volatile 1 + (1-1)Residue 1 

Coal 

2Volatile 2 + (1-2)Residue 2 (R2.2)

where α1 and α2 are the mass stoichiometric coefficients referring to the reactions

occurring at low and high temperatures, respectively. k1, k2 are the rate constants

defined as follows:

k1 = A1exp(−E1/RTp) (2.15)

k2 = A2exp(−E2/RTp) (2.16)
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The rate of devolatilisation can be expressed as

dV

dt
= −mc(α1k1 + α2k2)exp

(∫ t

0

(k1 + k2) dt

)
(2.17)

where mc is the mass of residual char.

From review of Yin and Yan [60], the single-step rate was the most popular

and this was followed by the FG-DVG, and the CPD model in oxy-coal CFD

simulations.

2.1.3.3 Volatile combustion

The combustion of volatiles plays important role in ignition, flame stability and

pollutant emissions [60, 88, 110]. This is a complicated process because of a nu-

merous intermediate species and reactions involved and therefore accounting all

reactions will results in significantly computational consumption in combustion

problem. For simplification in modelling, volatiles can be considered as a single

hydrocarbon (CxHyOz) or light hydrocarbon (CxHy). In case the coal consist of

N2 and S2, the volatiles needs to contain nitrogen, sulphur species, CxHyOzNmSn,

to included the pollutant emissions of NOx and SOx. Also, instead of using detail

kinetic mechanisms to describe the volatile combustion, simplified reaction mech-

anisms, such as global kinetic mechanism are selected as a solution for reducing

computational cost.

The simplest reaction mechanism for the oxidation of hydrocarbon fuels is

the global 1-step mechanism introduced by Westbrook and Dryer [111] with the

assumption that the reaction products are CO2 and H2O. The global 1-step

reaction mechanism overpredicts the total heat of reaction and this was because

a large amount of CO and H2 exist in the combustion products of the hydrocarbon

fuels with CO2 and H2O [111]. The overall reaction for 1-step mechanism can be

expressed as

Volatiles + O2 → CO2 + H2O (R2.3)

The global 2-step reaction mechanism was introduced by Dryer [112] for methane

oxidation in a turbulent flow reactor with the rate expressions that are derived
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from the experiments. The common 2-steps reaction mechanism can be expressed

as [87]

Volatiles + O2 → CO + H2O (R2.4)

CO + 1/2O2 → CO2 (R2.5)

The global 3-step mechanism was introduced by Hautman et al. [113] from

the flow reactor experimental results. This mechanism combines the global and

elementary kinetics. Jones and Linstedt [114] developed the global 4-step reaction

mechanism. The mechanism consists of two irreversible reactions that describe

the initial oxidation steps of a hydrocarbon and two reversible reactions which

control the rate of reaction for CO and H2.

The global combustion models have been applied frequently in CFD for air-

fired combustion. Except for the 1-step reaction, which is considered having over

prediction total heat [111], the global 2-step mechanisms and multi-steps mecha-

nisms has been demonstrated adequately in describing the volatiles combustion.

The four-step mechanism of Jones and Linstedt [114] was reported to be a good

for both aspects of accuracy and computational efficiency [115].

Under the oxy-fired combustion, the high-concentration CO2 has effects on the

combustion of volatiles, such as slower volatile combustion rate, higher CO con-

centration comparing to the air-fired combustion. However, the detailed pathways

or mechanisms for oxy-fired combustion are not yet well defined [60], therefore,

using global mechanism developed for conventional combustion has been still ap-

plied in oxy-fired combustion. This can be found in some studies for the 2-step

reaction mechanism [116], the 3-step mechanism [117, 118] and 4-step mechanism

[100]. Some efforts on refining the global mechanism to make a better prediction

the CO concentration under oxy-fired combustion. Anderson et al. [119] modified

the 2-step mechanisms of [111] and the four-step mechanism of [114]. The models

refined were compared against the detailed chemical kinetic mechanism of Glar-

borg and Bentzen [120]. The modified 2-step models showed an improving the

temperature field and CO concentration prediction in the post flame while the
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modified 4-step model show a little better the CO prediction in the flame zone.

Yin et al. [121] implemented the modified models [119] on a lab-scale 0.8 MW

oxy-natural gas flame furnace and a conventional 609 MW utility boiler which is

assumed to be operating under the oxyfuel combustion condition. Results from

this study demonstrates the advantage of both the modified 2-step and 4-step

models for modelling of the oxy-fired combustion. Recently, Chen and Ghoniem

[122] performed simulations of the quasi-global and 2-step global reaction mech-

anisms on a swirling diffusion flame under both air-fired and oxyfuel conditions

using the eddy dissipation model and the eddy dissipation concept. The results

show that the 2-step global mechanism underestimates the CO concentrations

while quasi-global reaction mechanism showed an improved performance in both

the air-fuel and oxyfuel flame CFD simulations.

2.1.3.4 Char combustion

After the release of the volatile matter, the remaining substances left are char

and ash. The char combustion is an important process in the coal-combustion

process, with the majority of the heat being released. The overall process of

the char combustion includes the transport of oxygen and energy to the surface

of the char particle, through the porous structures of the particles and then

the reaction that occurs between the oxygen and the carbon at the internal and

external surfaces of the char particles [123]. The char combustion is a complicated

process that is influenced by a number of parameters, including the char particle

size, pore size, density, surface area, available oxygen, etc. [88]. A comprehensive

knowledge of the char combustion models can be found in the reviews by [43, 87].

The heterogeneous reactions of the char primarily occurs by the following

reactions [124]:

C(s) + 1/2O2 → CO (R2.6)

C(s) + O2 → CO2 (R2.7)

25



C(s) + CO2 → 2 CO (R2.8)

C(s) + H2O→ CO + H2 (R2.9)

Reaction (R2.7) is significant at low temperatures, such as ignition conditions.

However, Reaction (R2.6) increases on increasing the temperature. Under the

combustion conditions, Reaction (R2.6) is dominant and the Reaction (R2.7) can

be ignored [88]. Many models have been developed to describe char combustion

reactions, such as the diffusion limited model [94], the kinetic/diffusion limited

[94, 125], the intrinsic mode [90], the carbon burnout kinetics (CBK) [126], etc.

2.1.4 Turbulence - chemistry interactions

For laminar flows, the interaction between the flow and the chemical reactions can

be calculated using the laminar finite-rate model. However, in the turbulent flow

cases, the turbulent and chemical interactions become important and it must

be modelled [25]. The eddy dissipation model (EDM) [87] was based on the

eddy break-up (EBU) model proposed by Spalding [127]. The finite rate/eddy

dissipation model was proposed as an improvement to the eddy dissipation model,

in which the net radiation rate is taken as the smaller of the Arrhenius rate and

the eddy dissipation rate.

The drawback of the eddy dissipation model and the finite rate/eddy dissipa-

tion model is that they can not be applied to multi-step chemical reactions. The

reason is that multi-step mechanisms are based on the reaction rates (Arrhenius

rates) which differ for each reaction. Therefore, these models are only valid for

one-step or two-step reaction mechanisms without reversible reactions. Another

drawback of the EDM is that this model is not likely to be applicable in oxyfuel

flames, which are under CO2 decomposition at high temperatures [87].

The eddy dissipation concept (EDC) model [128] was developed as an ex-

tension of the eddy dissipation model. Andersen et al. [119] recommended the

use of the EDC turbulence chemistry interaction model for modelling oxyfuel
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flames after performing both the Eddy Dissipation Model (EDM) and the EDC

model. The application of the EDC model can be found in some CFD models

[115, 129, 130].

2.2 Radiative heat transfer in pulverised coal com-

bustion

In combustion systems, radiative heat transfer is accounted for by solving the

radiative heat transfer equation (RTE). Exact solutions for the RTE are very

complicated and only possible for very simple cases, such as one-dimensional

media without scattering [131, 132]. These models are not suitable for application

in a real combustion model, which involves the simultaneous processes of multi-

dimensional geometries of two-phase flows, turbulence, and chemical kinetics.

Therefore, different approximations have been developed to solve the RTE, such

as the discrete transfer, discrete ordinates, and spherical harmonics models.

The accuracy in the radiative properties of combustion products used in the

calculations directly impacts on the accurate prediction of the radiative heat

transfer in the combustion system [72]. In pulverised coal combustion, these

products consist of the gas products, mainly CO2, H2O, and the particulate mat-

ter, such as soot, fly-ash, char and coal particles. The radiative properties of the

combustion product can not be measured directly. The calculation of the radia-

tive properties of the combustion products is not easy because of the wavelength

dependence, size and shape of the particles and the particle distribution.

In this section, the radiative heat transfer in combustion systems are dis-

cussed. Sections 2.2.1 and 2.2.2 introduce the radiative heat transfer equations

and techniques for solving these equations. Sections 2.2.3 and 2.2.4 discuss prop-

erties of the gas and particles, respectively. In these two sections, the solutions

for the defining properties of the gas and particles are introduced.
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2.2.1 Radiative heat transfer equations

The radiative transfer equation (RTE) for an absorbing, emitting, and scattering

medium at a position ~r and the direction ~s, is expressed in its steady form as

[133]:

dIη (~r, ~s)

ds
= κη (~r) Ibη (~r)− βη (~r) Iη (~r, ~s) +

ση (~r)

4π

∫ 4π

0

Iη

(
~r, ~s′

)
Φη

(
~r, ~s′, ~s

)
dΏ

(2.18)

where Iη (~r, ~s) is the radiative intensity at location ~r travelling in the direction

~s, Ibη(~r) is the black body emission calculated at the temperature at position ~r,

σp(~r) is the scattering coefficient of the particles, Φη

(
~r, ~s′, ~s

)
is the scattering

phase function, Ω′ denotes solid angle and βη (~r) is the total attenuation of the

intensity of both absorption κη (~r) and scattering ση (~r) is known as the extinction

coefficient, and is defined as follows:

βη (~r) = κη (~r) + ση (~r) (2.19)

The RTE is subjected to the boundary condition for a surface that emits and

reflects diffusely is given as

Iη (~rw, ~s) = ε (~rw) Ib,η (~rw) +
1− ε (~rw)

π

∫
~n.~s′<0

Iη

(
~rw, ~s′

)
|~n.~s′|dΩ′ (2.20)

where Ib,η (~rw) is the blackbody intensity of the wall surface, ~n is the normal

vector outward to the wall surface, ε (~rw) is the emissivity of the wall at position

~rw, ~s′ is the incoming direction, Ω′ is the solid angle in the direction ~s′, and ~n.~s′ is

the cosine of the angle between the incoming direction ~s′ and the surface normal

vector ~n. In terms of black surface, ε (~rw) = 1, Equation (2.20) reduces to:

Iη (~rw, ~s) = Ib,η (~rw) (2.21)

The total heat flux of the medium is obtained by integrating the spectral heat

flux over the spectrum as follows:

q =

∫ ∞
0

qηdη =

∫ ∞
0

∫ 4π

0

Iη (~s)~sdΩdη (2.22)
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The radiative source term is defined as the divergence of the radiative heat flux

per unit wavenumber at a certain spectral position, established by the energy

balance on an infinitesimal volume by

∇.qη = κη

(
4πIbη −

∫ 4π

0

IηdΩ

)
= κη (4πIbη −Gη) (2.23)

where, Gη =
∫ 4π

0
IηdΩ is the incident radiation.

2.2.2 Solutions for the radiative transfer equation

The RTE for the radiative heat transfer for an absorbing, emitting and scatter-

ing medium is an integro-differential equation. The intensity, Iη (~r, ~s), in Equa-

tion (2.18) for a complicated case is a function of six independent variables,

three for the spatial and two for the angular directions, and one for the wave-

length. This makes solving the RTE equation become very complicated and the

exact solution for the RTE can only be obtained for simple cases that are based

on some simplifications, such as the radiative properties being assumed wave-

length independent and homogeneous, and the scattering being isotropic and

one-dimensional [133–135]. The exact solutions are not practical and impossible

for engineering applications which are multi-dimensional, have an inhomogeneous

medium and have spectral properties [72]. Consequently, numerous approximate

solutions have been developed that can be applied to practical applications. Dif-

ferent methods for solving the RTE in the combustion systems can be found in

the reviews [72, 133]. In this study, only some approximate methods that are pre-

ferred in commercial software for the prediction of fluid flows, chemical reactions

and heat transfer, especially for three-dimensional simulations, such as the Dis-

crete Ray Tracing Method (DRTM), spherical harmonics and Discrete Ordinates

(DO) methods, are discussed

2.2.2.1 Spherical harmonics method

The spherical harmonics (PN) method converts the complicated RTE into a set of

simple partial differential equations (PDE) which can be solved using a standard
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PDE solution packages [136]. The radiative intensity, I (~r, ~s), in Equation (2.18)

is expressed in terms of a two-dimensional generalized Fourier series as [133, 137]

I (~r, ~s) =
∞∑
l=0

l∑
m=−l

Iml (~r)Y m
l (~s) (2.24)

where Iml (~r) are position-dependent coefficient functions that need to be deter-

mined, Y m
l (~s) are angularly dependent normalized spherical harmonics given by

Y m
l (~s) = (−1)(m+|m|)/2

[
(l − |m|)!
(l + |m|)!

]1/2

eimψP
|m|
l (cosθ) (2.25)

where P |m|l is the associated Legendre polynomials, θ and ψ are the polar and

azimuthal angles that describe to the direction ~s, respectively.

The series in Equation (2.24) can be approximated by truncating to a lim-

ited number of terms N . By this way, the intensity Iml (~r), which are func-

tions of space, are replaced by (N + 1)2 functions Iml , which are only functions

of space. The limited number N is known as the order of the approximation,

namely PN . Reducing the the number of first-order partial different equations by

the PN approximations has been obtained by [136, 138], with a relatively small

set, N (N + 1), of second-order elliptic partial differential equations. In practical

applications, a finite value of N are employed, such as P1 and P3 [72]. The low-

order approximations, for example the P1 approximation, usually poorly describes

media that have a strong nonisotropic intensity distribution, especially in an op-

tically thin media within nonisothermal enclosures [139]. The P3 approximation

can yield accurate results for environments having optical thickness up to 0.5 and

for anisotropic radiative media, but it is much more computational intensive. The

two systems of boundary conditions, namely the Mark and Marshark boundary

conditions, have been proposed to apply for the spherical harmonics method. The

Mark boundary is preferred for the high order approximation (N>3), while the

Marshark boundary gives better results for the lower order approximations, such

as the P1 and P3 approximations [133].

The accuracy of the spherical harmonics method can be substantially im-

proved when optimized values are employed in the boundary condition, and this
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can be found in the studies [140, 141]. While other attempts have focused on

enhancements or modifications to the differential approximations to make it rea-

sonably accurate for a variety of conditions, such as the modified differential

approximation (MDA) [142] and the improved differential approximation (IDA)

[143], or the recent advanced differential approximation (ADA) [139].

The P1 approximation is the simplest case of the general PN method, and

therefore is one of the most popular methods because of its simplicity and it re-

quires much less computational effort [133]. Another advantage of the P1 model

is that it can take into account the scattering and the radiative exchange with

particles in a relatively simple manner [144]. It can work reasonably well in

combustion applications with a large optical thickness, but the P1 tends to over-

predict the radiative fluxes from local heat sources [97]. Because of the limitation

of the P1 model, namely the inaccuracy under an optically thin media, the ap-

plication of this model is mainly found in large-scale furnace calculations [60].

Under the oxy-fired condition, the optical thickness is often higher compared to

the air-fired condition for the same geometry so if the P1 is selected for the air

condition that satisfies the optical thickness it will be applicable for the oxy-fired

condition. Some CFD studies have applied the P1 approximation for small-scale

furnaces under the oxy-fired conditions [145–147]. The results from these studies

show the limitations of this model in the optically thin media.

2.2.2.2 Discrete transfer method

The discrete transfer method (DTM) was developed by Lockwood and Shah [148]

based on a combination of the features and advantages of the zone, flux and

Monte Carlo methods. This method involves representative rays travelling in

specific directions from one surface to another within a finite difference control

volumes, in which the temperatures and radiative properties are assumed to be

uniform.

For a selected direction, the integration of the transport equation, Equa-

tion (2.18), for the thermal radiation along a ray across a control volume in which
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the temperatures and radiative properties are assumed to be uniform, yields [148]:

I (~rn+1, ~s) = I (~rn, ~s) e
−β.δs + S

(
1− e−β.δs

)
(2.26)

where I (~rn, ~s), I (~rn+1, ~s) are the intensity entering and leaving the control vol-

ume, respectively, β (= κ+ σ) is the extinction coefficient, and δs is the distance

the ray travels in the control volume. The source function, S, is assumed to be

constant and equal to the average over δs and it is given as

S = (1− ω) Ib +
ω

4π

∫ 4π

0

I
(
~s′
)

Φ
(
~s, ~s′

)
dΏ (2.27)

where ω (= σ/β) is the scattering albedo.

In the DTM, the intensities are traced from the origin point on the boundaries

to the destination point. The change in intensity along a specific direction is

calculated using Equation (2.26) with the original intensity calculated from the

boundary point using Equation (2.20). This process is repeated until it reaches

the destination point. The number of rays or directions depends on the angular

quadrature scheme selected.

Applying the DTM method for the statistical narrow band model can be

found in the studies [149, 150], with different implemented methods. The non-

correlated narrow-band solution, which is employed to solve the radiative heat

transfer equation for a one-dimensional non-grey gas case in Chapter 3, is men-

tioned. The discretisation form of the RTE is expressed as follows:

Iη,i,n+1 = τ η,i,n→n+1Iη,i,n + (1− τ η,i,n→n+1)Ibη,n+1/2 (2.28)

where the subscripts η, i and n stand for the wavenumber, direction of angular

discretisation and spatial discretisation, respectively, Iη,i,n is the radiative inten-

sity at the nodal point n in the angular direction i, τ η,i,n→n+1 is the transmission

over the path from the nodal point n to n+1 in the angular direction i, being eval-

uated as exp (−β (xn+1 − xn) /|µi|), where xn, xn+1 are the positions of the nodal

points n and n+ 1, respectively, and µi is the directional cosin i, and Ibη,n+1/2 is

the blackbody intensity evaluated at the centre point between the nodal point n

and n+ 1.
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Once the non-grey radiation intensity is obtained, the radiative heat flux at

the nodal point is calculated as follows:

qn =
∑
∆η

(
Ni∑
i=1

wiµiIη,i,n

)
∆η (2.29)

where µi, wi are the directional cosine and weight function associated with the

ith direction, and Ni is the number of ordinates. The S8 quadrature scheme is

employed in this study.

The radiative source term is then calculated as

− dq

dx
= − qn+1 − qn

xn+1 − xn
(2.30)

The DTM is quite simple and can increase the accuracy of the scheme by

increasing the number of rays and it can be applied to a wide range of optical

thicknesses. The limitation of the DTM is that it is difficult to include the method

to anisotropic scattering media. Therefore, some development of the DTM, in-

cluding the scattering media, can be found in simple assumptions about the scat-

tering, such as the isotropic scattering phase function [151], linear anisotropic

scattering phase function [152–155] or the Henyey-Greenstein scattering phase

function in a one-dimensional media [156].

2.2.2.3 Discrete Ordinates method

In the Discrete Ordinate (DO) method, the radiative heat transfer, Equation (2.18),

is approximated by solving a finite number of discrete angular directions taken

from a given quadrature scheme and the integral in the RTE is also approximated

by this quadrature scheme over the solid angle. For each direction ~si (i = 1÷ n)

the RTE may be expressed as follows [133]:

~si.∇Iη(~r, ~si) = κη (~r) Ibη (~r)− β (~r) Iη (~r, ~si) +
σs,η
4π

n∑
j=1

wjIη(~r, ~sj)Φ(~r, ~si, ~sj)

(2.31)

where wj is the weight corresponding to the direction ~si. The unit direction vector

~si is expressed from the directional cosines, µi, ξi, ηi as follows:

~si = µi~i+ ξi~j + ηi~k (2.32)
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The boundary condition is applied for only one boundary condition when the

beam emanates from the wall (~n.~si > 0) and it is given as

Iη (~rw, ~s) = ε (~rw) Ib,η (~rw) +
1− ε (~rw)

π

∑
~n.~sj<0

wjIη(~rw, ~sj)|~n.~sj| (2.33)

The heat flux of the medium is obtained by integrating the spectral heat flux

over all directions is determined by

qη(~r, ~s) =

∫ 4π

0

Iη(~r, ~s)~sdΩ '
n∑
i=1

wiIη(~r, ~si)~si (2.34)

and the incident radiation is approximated by

G =

∫ 4π

0

Iη(~r, ~s)dΩ '
n∑
i=1

wiIη(~r, ~si) (2.35)

Different quadrature schemes have been proposed for the Discrete Ordinate

model, such as the level symmetric or SN quadratures developed by Lathrop and

Carlson [157], Truelove [158] and Fiveland [159], the TN quadratures developed

by Thurgood et al. [160] and the Double Cyclic Triangles quadrature scheme

developed by Koch et al. [161].

The DO solution suffers from some shortcomings, such as the ray effect and

false scattering [162]. The ray effect occurs due to the approximation to a finite

number of discrete angular directions, then producing a loss in the heat fluxes

in some regions, while the false scattering occurs when using the spatial discreti-

sation practice, thus producing smeared intensity fields. The ray effects can be

reduced by increasing the angular discretisation, selecting an accurate quadra-

ture scheme and the false scattering can be reduced by using a finer mesh for the

control volumes, and selecting more accurate spatial discretisation scheme. The

evaluation of the spatial discretisation schemes and quadrature schemes for the

DO method can be found in the studies [163] and [164], respectively. Although

the two errors caused by the two different origins, they tend to have interactions

with each other and this means that reducing the errors due to this effect can

result in an increasing error in the other effects [165].
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2.2.2.4 Consider method for solving the RTE

The selection of the most appropriate methods for solving the RTE for certain

conditions depend on some factors, such as the optical thickness, the effects of the

discrete phase and the possibility of including other treatments such as scatter-

ing. Some popular models, such as the DO, P1 and DTRM models are available

in commercial CFD codes. The DTRM, however, in the commercial software,

such as the CFD software ANSYS Fluent that is employed in this study, is only

applicable for cases with a non-scattering medium and therefore not suitable for

coal combustion environments [146]. The DO and the P1 models are the the most

selected models when modelling combustion systems. The selection of the RTE

methods is less dependent on the air or oxy-fired conditions compared to that

of the radiative properties models [43]. As mentioned in Section 2.2.2.1, the P1

method may produce errors in the results if used when the optical thickness is

low [166]. In this thesis, the DO model is selected for all cases investigated. In

the oxyfuel CFD simulations, the DO method has been used dominantly in the

predictions of the radiation as reviewed by [60].

2.2.3 Radiative properties of the combustion gases

There are a number of proximate models that can be used to calculate the ra-

diative properties of gases. In general, these models can be classified into three

groups (in order of decreasing accuracy and complexity): line-by-line model, spec-

tral band models and global models. In this study, some models are employed to

describe the radiative properties of the gas phase, the line-by-line model is used

as a benchmark to evaluate other models in one-dimensional cases, the Statistical

narrow band model is employed as a benchmark in 3D enclosures to evaluate the

global models (the Weighted sum of grey gas, Spectral line-based WSGG models)

of the gas phase. The correlated-k model is used as a benchmark to evaluate the

global models in the environment having the presence of the gas and particles.

35



2.2.3.1 Line by line model

The line by line calculations using spectral databases can yield the highest ac-

curacy results for calculating the radiative heat transfer but are significantly

computational expensive [167]. The spectral absorption coefficient of specie s at

frequency η, κη.s, contributes by all spectral lines over the entire spectrum and is

given as [168]

κη.s = Ns

∑
i

Fi (η)Si (T ) (2.36)

where Ns is the number density of the molecular s of the participating gases (CO2

or H2O), Fi (η) is the line shape function of the ith transition line and Si (T ) is

the line intensity. The intensity Si at temperature T is determined from the

correlation as [169]

Si (T ) = Si (T0)
Q (T0)

Q (T )

exp (−c2Ei/T )

exp (−c2Ei/T0)

1− exp (−c2η0,i/T )

1− exp (−c2η0,i/T0)
(2.37)

where T0 is the reference temperature (in the HITEMP-2010 database, T0=296

K), Q(T ) is the total internal partition sum at temperature T , and c2 is the

second radiation constant (c2 = hc/kB ≈ 1.43877 cm K). The line intensity Si(T0)

and the lower-state energy Ei are obtained from a spectral database. η0,i (p) is

the line centre of the transition after adjustment for pressure from the vacuum

wavenumber as [170]

η0,i = ηvac + pδ (2.38)

where δ is the air pressure-induced line shift, and ηvac is the vacuum wavenumber

found in the spectral database.

The spectral line shape profile, Fi (η), can be calculated from the Lorentz,

Dropper and Voigt line profiles. The Lorentz profile dominates at higher pressures

(p >1 bar). A spectral line shape profile that follows the Lorentz profile can be

expressed as [171]

Fi (η) =
γL,i

π
[
(η0,i − η)2 + γ2

L,i

] (2.39)
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where η0 is the centre of the line intensity, and γL,i is the Lorentz half width at half

maximum. The γL,i can be calculated from the spectral database as a function

of the self-broadened half width at half maximum, γself,i, the air-broadened half

width is at half maximum, γair,i, and the temperature exponent n is as given by

[171]

γL,i = p

(
T0

T

)n
(γself,i + (1− Ys) γair,i) (2.40)

where Ys is the mole fraction of the participating species, p, T are the total

pressure and temperature, respectively, and T0 is the reference temperature.

The Doppler broadening is dominant at low pressure (p=0.1 bar) and at high

temperatures, the profile of the Doppler broadening has a shorter wavelength

and higher frequency compared to that of the Lorentz profile. The absorption

coefficient, described by the Doppler broadening, can be expressed as [133]

Fi (η) =
1

γD,i

√
ln2

π
exp

[
− (ln2)

(
η − η0,i

γD,i

)2
]

(2.41)

where γD,i is the Doppler line half-width, and it is given by

γD,i =
η0

c0

√
2kT

m
ln2 (2.42)

where c0 is the speed of light in a vacuum medium, c0 ≡ 2.99792458 ×1010 cm

s−1, and m is the mass of the molecule.

The combination effects of the Doppler and Lorentz profiles is described by

the Voigt profile as [133]

Fi (η) =
γL,i
π3/2

∫ +∞

−∞

e−x
2
dx(

η − η0,i − xγD,i√
ln2

)2

+ γ2
L,i

(2.43)

with

x = ν

√
m

2kT
(2.44)

The spectral absorption coefficient of a mixture can be calculated as a sum-

mation of the absorption coefficients of the component gases [172]. Absorption

of coal combustion products can be expressed as

κη,mix = κη,CO2
+ κη,H2O (2.45)

37



where κη,CO2
, κη,H2O are the absorption of CO2 and H2O, respectively.

Calculations using the line-by-line model have been performed in some studies

[168, 173–175]. These calculations are based on a detailed knowledge of every

single spectral line from the spectral database, and therefore, this method can

be seen as the most accurate model when calculating the radiative heat transfer.

However, the radiative problem is solved in each spectral interval, for several

million wavenumbers over the spectrum and this results in the main reason for

the impractical application of this model. The LBL model is often only used

as the benchmark to evaluate and generate the accuracy of other approximation

models.

In combustion modelling, the high-temperature databases called HITEMP,

and CDSD are often used for the LBL calculations to create a benchmark to eval-

uate other approximate models. More recent versions of these spectral databases

are HITEMP-2010 [169], and CDSD-4000 [176]. HITEMP contains information

similar to HITRAN, but contains data for many more hot lines for high tem-

peratures applications while the CDSD is a high-temperature spectral database

for the radiative properties of CO2. Validation of some of these database using

LBL calculations compared to experimental data, can be found in some studies

[177–181]. Alberti et al. [181] showed that the spectral database HITEMP-2010

is an excellent database for calculating the radiative properties of the CO2 and

H2O molecules in the temperature range 500-1770 K. Comparison of the number

of spectral lines are shown in Table 2.1 where the HITEMP-2010 database and

CDSD-4000 are developed for higher temperature use so they contain significantly

more spectral lines than HITRAN-2016 [182], which is assumed to be valid for

temperatures up to 600 K [183].

In the LBL calculations, many factors that are used can affect the accuracy

of the results, such as the spectral database, spectral resolution, spectral range

used and cutoff schemes used in order to save computational time. Some studies

have combined the two databases for LBL calculation, HITEMP was employed

for water vapor, while CDSD was used for carbon dioxide, which is considered
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Table 2.1: A comparison of the number of spectral lines for HITEM-2010, CDSD-
4000, and HITRAN-2016.

Molecule Number of spectral lines
HITEMP-2010 CDSD-4000 HITRAN-2016

H2O 111,377,777 313,787
CO2 11,167,618 628,324,454 559,874

more reliable [184, 185]. With the HITEMP database, the HITEM-2010 has been

recommended for using for the LBL model to create a benchmark [186]. In the

range of temperature and pressure in coal combustion, there is not much difference

in the results obtained when using the Lorentz profile and the Voigt profile, and

the Lorentz lineshape can be applied in the calculations [181, 184, 187]. The

spectral absorption coefficient, calculated in the LBL from Equation (2.36), by

contributions of all the spectral lines over the spectrum, significantly increases

the computational time and therefore eliminating the spectra lines that do not

effect the results of the LBL calculations that are required to be considered. Some

cutoff schemes have been proposed for the LBL calculations, such as the intensity

cutoff (eliminating lines having weak intensity) [167, 185], the line-wing cutoff or

cut-off distance (neglecting the contribution of the spectral lines far away from

the spectral location considered) [188].

2.2.3.2 Statistical narrow band model

The statistical narrow band (SNB) model provides narrow-band transmissivity

instead of an absorption coefficient. This model shows very good agreement with

the line-by-line calculations [186, 189].

The narrow-band averaged transmissivity τ̄ in a narrow band ∆η may be

expressed as [133]

τ̄∆η = exp

(
−W̄
δ̄

)
(2.46)
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where δ̄ is an averaged line spacing over N lines in the spectral interval ∆η. The

average equivalent line width W̄ can be defined by a probability density function

P (S) by Goody [190] and Malkmus [191],

W̄ =

∫ ∞
0

P (S)W (S) dS (2.47)

The SNB model, based on the exponential-tail S−1 line intensity distribution

function of Malkmus [191] consisting of the Lorentz line, was found to be in good

agreement with the LBL calculations [179, 189, 192]. The average transmissivity

over the spectral interval ∆η of a uniform path length `, at a total pressure p of

a specie having mole fraction x is given as [193]

τ̄` = exp

−2
γ̄

δ̄

√1 + xp`k̄
δ̄

γ̄
− 1

 (2.48)

where γ̄, δ̄ and k̄ are the average line Lorentz half-width, the average line spacing

and the average line intensity to space ratio, respectively. The parameters δ̄ and k̄

are defined by the LBL calculations, or the EM2C SNB parameters [185, 193]. The

transmissivity of a mixture of combusting product, CO2 and H2O, are calculated

as

τ̄`,mixture = τ̄`,CO2
.τ̄`,H2O (2.49)

The SNB gives the spectral transmissivity averaged over a narrow band so it is

difficult to couple the SNB model to the general solution method of the radiative

transfer equation. Also the disadvantage of the SNB model is that it requires

a large number of bands, and therefore it is very expensive for computation.

The SNB model was found to be suitable to create a benchmark for a multi-

dimensional gas problem to evaluate the accuracy of the other models, where the

LBL calculations are not feasible due to being computational expensive [63, 185,

194, 195].
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2.2.3.3 Correlated-k method

The correlated-k method (CK) is an extension of the k-distribution, which is used

for non-homogeneous and non-isothermal cases in atmospheric problem [196, 197].

The CK model formulates the radiative properties in terms of the absorption

coefficient and therefore it is applicable to the general radiative heat transfer

equation. The CK method divides the spectrum into narrow bands and assumes

that the Plank function is constant and then the radiative heat transfer in each

band is solved. In each band, the absorption coefficient field is reordered into

a smoothly increasing function in order to avoid repeating calculating the same

value of the absorption coefficient as in the line-by-line model.

In the narrow band, the average transmissivity only depend on the absorption

coefficient and can be written as

τ̄η(L) =
1

∆η

∫
∆η

e−κη(η,φ)Ldη =

∫ ∞
0

e−κη(η,φ)Lf(φ, k)dk (2.50)

where φ is the local state variables that affects the absorption coefficient, such

as the temperature, pressure and the mole fractions of the participating species,

f(φ, k) is the k-distribution function, which can expressed as

f(φ, k) =
1

∆η

∫
∆η

δ
(
k − kη(η, φ)

)
dη (2.51)

where δ(k − kη(η, φ))dη is the Dirac delta function. The k-distribution function

can be determined from the inverse Laplace transform L −1 from Equation (2.50)

as

f(φ, k) = L −1 {τ̄η(L)} (2.52)

The accumulative k-distribution g(φ, k) is given as

g(φ, k) =

∫ k

0

f(φ, k′)dk′ (2.53)

The transmissivity in Equation (2.50) is rewritten as

τ̄η(L) =

∫ ∞
0

e−κη(η,φ)Lf(φ, k)dk =

∫ 1

0

e−k(φ,g)Ldg (2.54)
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where k(φ, g) is the inverse function of g(φ, k) which represents the fraction of

the spectrum whose absorption coefficients are less than the value of k and,

therefore, 0 ≤ g(φ, k) ≤ 1. The reordered absorption coefficient, k(φ, g), is

smoothly increasing function of g, and it can be approximated using an efficient

Gauss quadrature scheme as

Ī∆η =

∫ 1

0

Igdg =
M∑
j=1

wjIgj (2.55)

where M,wj are quadrature order and quadrature weights, respectively. The in-

tensity for each quadrature point, Igj, is calculated from the radiative transfer

equation (RTE) for an absorbing, emitting and scattering medium in a homoge-

neous medium over the g space and it can be expressed as [198]

dIgj(~r, ~s)

ds
= k(φ, gj)

(
Ib,∆η − Igj(~r, ~s)

)
−σs,∆η

(
Igj(~r, ~s)−

1

4π

∫
4π

Ig(~r, ~s
′)Φη(~r, ~s, ~s

′)dΩ′
)

(2.56)

where Ib,∆η, σs∆η,Φη are the blackbody intensity, scattering coefficient and scat-

tering phase function assumed as constants over interval ∆η, respectively, and kgj
is the reorder absorption coefficient at quadrature point gj. The total intensity

over the spectrum is obtained obtained from

I =
N∑
i

∆η
M∑
j

wjIgj (2.57)

where N is the number of spectral bands, and M is the number of quadrature

points used to calculate the integral in Equation (2.55). The number of spectral

bands proposed for the CKmodel can be found in the studies [185, 199]. The effect

of the quadrature schemes on the accuracy of the CK model in one- and three-

dimensional enclosure was investigated by [194]. The number of quadrature, from

6 to 16 quadrature points when using Gaussian or Gauss-Lobatto quadrature,

are proposed for accurate calculation of the CK model [200]. In many studies,

seven point quadratures are widely proposed for the CK model based on the

considerations of accuracy and computer time [185, 193, 201–203].
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The CK method requires significant computational resources to be applied to

the CFD calculations, therefore, it is computationally prohibitive for many prac-

tical combustion applications. Implementations of the CK model in 1 dimension

cases [197], 2D case [204] and 3D [205] have shown to be in good agreement with

the most accurate LBL calculations. Most of calculations of the radiative heat

transfer up to date using the CK model have employed the database of Taine

et al. [193] which uses the correlated-k assumption. Recently, a new update of

the parameters for H2O and CO2 has been developed to use for the CK model

[185], which are generated from line by line calculations using new spectroscopic

databases, the CDSD-4000 spectral database for CO2 and the HITEMP-2010

database for H2O, over a wide range of temperature and spectral ranges. A com-

parison of the two database sets, HITEMP-2010 and CDSD-4000 databases, for

the CK model was performed in a 2D enclosure by [204] and he showed that the

updated parameters [185] provide better accuracy than the old database [193].

2.2.3.4 Weighted sum of grey gas model

The Weight Sum of Grey Gas (WSGG) model is one of the non-grey gas treat-

ments that has received the most attention in engineering applications, and it

treats the non-grey gas as a finite number of grey gases Ng, having constant ab-

sorption coefficients κi and one transparent gas (κ0 = 0). The total emissivity of

an isothermal path length L is expressed as

ε (T, L) =

Ng∑
i=0

ai (T )
(
1− e−κiPaL

)
(2.58)

where ai, κi are the emissivity weighting factors and absorption coefficient for

the ithgrey gas, respectively. The ai and κi can be obtained from correlations

in which ai depends on the mole fraction and temperature while the absorption

coefficient κi depends only on the mole fraction. Pa is the sum of partial pressures

of the absorbing gases, such as CO2, H2O, CO, etc. With the two most important

combusting gases, CO2 and H2O, the total pressure Pa is calculated as

Pa =
(
YCO2

+ YH2O

)
P (2.59)

43



where P is the total pressure of the combusting environment, and YCO2
, YH2O are

the molar fractions of CO2 and H2O, respectively.

The radiative transfer equation (RTE) for the ith grey gas through a medium

of a mixture of the non-grey gases and grey particles can be expressed as [206]

dIi (~r, ~s)

ds
= − (kg,i + kp + σp) Ii (~r, ~s) + ag,ikg,iIb,g (~r) + ap,ikpIb,p (~r)

+
σp
4π

∫
4π

Ii (~r, ~s
′)φ (~s.~s ′) dΩ′ (2.60)

where kg,i, kp are the absorption coefficients of the ith grey gas and grey parti-

cles, and ag,i, ap,i are the emissivity weighting factors for the gas and particles,

respectively. The boundary condition used for the non-grey WSGG with diffusely

emitting and reflecting surfaces is gives as

Iw,i (~rw, ~s) = aiε (~rw) Ib (~rw) +
1− ε (~rw)

π

∫
~n~s′<0

Ij (~rw, ~s
′) |~n.~s′|dΩ′ (2.61)

where Iw,j is the radiation intensity for gas i leaving the boundary. The total

radiation intensity is then found by adding the heat fluxes of the gray gases as

[200]

I(L) =

Ng∑
i=1

Ii(L) (2.62)

The simplest case of the WSGG model are often used in combustion modelling

by assuming the medium is grey. In this case, the properties of gas are presented

by the effective absorption coefficient and the number of the RTE reduced to one.

The effective absorption coefficient of the grey gas is calculated from total the

emittance, ε, and pathlength, s, as [207]

κg = −1

s
ln(1− ε) (2.63)

where ε is determined by Eq. (2.58) with the path length, s, being considered

as a mean beam length of the domain. s is often determined from the volume of

the domain, V , and the internal surface of the domain, A, as [208]

s = 3.6
V

A
(2.64)
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The RTE for the non-grey WSGG model, Equation (2.18), is rewritten for

the grey gas WSGG model, with weighting factors for the gas and particle being

unity, as
dI (~r, ~s)

ds
= − (κg + κp + σp) I (~r, ~s) + κgIb,g (~r) + κpIb,p (~r)

+
σp
4π

∫
4π

I (~r, ~s ′) Φ (~s.~s ′) dΩ′ (2.65)

The first WSGG model applied for a non grey participate media was proposed

by Hotel and Sarofim [209] in the form of the zonal method and it has been

demonstrated by Modest [210] for application as an arbitrary solution method.

A set of fitted coefficients for the WSGG model, namely, absorption coefficients

and weighting factors, for three grey gases and one transparent gas has been

proposed by Smith et al. [61] through fitting the model to the total emissivity

and absorptivity values obtained from the exponential wide-band mode (EWBM),

with temperatures within the range 600 to 2400 K and partial pressure-path

lengths from 0.001 to 10.0 atm-m. Recent refinements of this model for air-fuel

combustion has been performed by Yin [211] for a wider temperature, pressure

path length and mole fraction range and by Dorigon et al. [67] using the HITEMP

2010 data. However, these models were obtained at some specific mole fraction

ratios of H2O and CO2, which limits its use for application in oxyfuel conditions.

Many investigations have been performed to improve the WSGG model for

better application under oxyfuel conditions, such as Yin et al.[62] who extended

the WSGG model for a wider range of discrete ratios and by Johansson et al. [63]

for a variant wide range of CO2 and H2O ratios that present better radiative prop-

erties of the gas products for both air and oxyfuel combustion. Kangwanpongpan

et al. [64] improved the WSGG model that is fitted from the HITEMP-2010 data

for a wide range of CO2 and H2O ratios. Some recent developments of the WSGG

model for oxyfuel combustion has been performed by Bordbar et al. [66] and Cas-

sol et al. [212]. Table 2.2 shows the WSGG models that have been developed for

air and oxy-fired conditions.

The improvement of the WSGG models for oxyfuel conditions based on the

wide range of molar fraction ratios of H2O to CO2, spectral database and model

45



Table 2.2: Some representative comparisons of WSGG models that have been
developed for air and oxyfuel conditions.

Models Numbers Model/ Ranges af parameters
developed grey gas data fitting T(K), P(bar m) mole ratio
Smith et al. [61]
used for air

3+1 EWBM T(600-2400)
P(0.001-10)

1, 2

Yin et al. [62] used
for air, oxy

4+1 EWBM T(500-3000)
P(0.001-60)

0.125, 0.25,
0.75, 1, 2, 4

Jonhanson et al. [63]
used for air, oxy

4+1 SNB,
EM2C
1997

T(500-2500)
P(0.01-60)

(0.125 - 2)

Kangwanpongpan et
al. [64] used for air,
oxy

4+1 LBL,
HITEMP
2010

T(400-2500)
P(0.001-60)

(0.125 - 2)

Yin [211] used for air 4+1 EWBM T(500-3000)
P(0.001-60)

0.05, 1, 2

Borbar et al. [66]
used for air, oxy

4+1 LBL,
HITEMP
2010

T(300-2400)
P(0.01-60)

(0.01 - 4)

Dorigon et al. [67]
used for air

4 +1 LBL,
HITEMP
2010

T(400-2500)
P(0.001-10)

1, 2

Cassol et al. [212]
used for air, oxy

(4 +1)×
(4+1)

LBL,
HITEMP
2010

T(400-2500)
P(0.001-10)

(0.01 - 4)

selected for fitting. Evaluations of the WSGGmodels can be found in some studies

reviewed by Kez et al. [213], see in Table 2.2. From this study, the WSGG model

of Kangwanpongpan et al. [64] and Borbar et al. [66] are recommended for CFD

simulations of practical oxyfuel applications with large pressure path-length and

molar ratios of H2O to CO2 between 0.01 and 0.5.
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2.2.3.5 Spectral line-based WSGG model

The SLW model calculates the radiative heat transfer based on the absorption

coefficient which can be used with an arbitrary solution method for the radiative

heat transfer equation (RTE). In this method, the absorption cross-section range

is divided into n intervals by the supplemental absorption cross sections C̃j, j =

0, 1, . . . , n, with each interval between C̃(j−1) and C̃j being presented for the jth

grey gas having absorption across the section Cj =

√
C̃j−1C̃j. The radiative

transfer equation for the jth grey gas in the SLW model may be written as [214]

dIj
ds

= −κjIj + ajκjIb,j, j = 0, 1, 2, ..., n (2.66)

where kj, and aj are the absorption coefficient and blackbody weights of grey

gas j, respectively. These parameters are defined for a single absorbing gas and

defined as [215]

κj = NY Cj (2.67)

aj = F
(
C̃j, Tg, Tb, p, Y

)
− F

(
C̃j−1, Tg, Tb, p, Y

)
(2.68)

The weighting factor for the transparent gas is expressed as

a0 = F
(
C̃min, Tg, Tb, p, Y

)
(2.69)

where N, Y are the gas molar density and molar fraction of single gas , respec-

tively. F
(
C̃j, Tg, Tb, p, Y

)
is the absorption line blackbody distribution function

(ALBDF) corresponding to C̃j at the gas temperature Tg, blackbody tempera-

ture Tb, gas total pressure p, and the gas molar fraction Y . The supplement

cross-section can be equally logarithmically spaced [216] as follows:

C̃j = Cmin (Cmax/Cmin)j/n (2.70)

The primary basis in the SLW model is the absorption line blackbody distri-

bution function F
(
C̃j, Tg, Tb, p, Y

)
which is defined as the fraction of the black-

body radiation power that is emitted in the spectral regions where the spectral
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absorption across-section, Cη is below the prescribed value C [217]

F (C, Tg, Tb, p, Y ) =
1

σT 4
b

∫
{η:Cη(Tg ,p,Y )<C}

Ebη(Tb)dη (2.71)

where Tb is the blackbody source temperature, Tg is the gas temperature, p is the

total pressure, Y is the mole fraction of species of interest (H2O, CO2), and Ebη

is the spectral emissive power. The ALBDF is an increasing monotonic function

of the variable C, varying between 0 and 1. It can be calculated directly using

spectroscopic data or more convenient correlations for H2O [217] and for CO2

[218]. In this study, the ALBDF for H2O, CO2 [219] based on the HITEMP-2010

spectroscopic database, is valid for temperatures ranging from 400 K to 3000 K

and the total pressures ranging from 0.1 atm to 50 atm is employed. In terms

of a mixture, the ALBDF can be calculated based on different methods, such

as the direct, convolution, superposition and the multiplication methods and the

full details of these methods for the SLW can be found in [220]. The ALBDF for

a mixture of coal combustion products, mainly H2O and CO2, can be calculated

based on the multiplication approach [220]:

Fmix

(
C̃j, Tg, Tb, p, Y

)
= FCO2

(
C̃j
YCO2

, Tg, Tb, p, Y

)
FH2O

(
C̃j
YH2O

, Tg, Tb, p, Y

)
(2.72)

where YCO2
,YH2O are the molar fraction of CO2 and H2O, respectively. The local

weights for grey gas j are calculated as follows:

aj = Fmix

(
C̃j, Tg = Tref , Tb = Tloc, p, Y

)
− Fmix

(
C̃j−1, Tg = Tref , Tb = Tloc, p, Y

)
(2.73)

The local absorption coefficients in case using the multiplication methods is cal-

culated as [220]

κj = N
√
C̃ loc
j−1C̃

loc
j (2.74)

where N is the molar density of the mixture of gases, and C̃ loc
j are the local

supplemental cross-sections found from the implicit relation as follows:

Fmix

(
C̃ loc
j , Tg = Tloc, Tb = Tref , ploc, Yloc

)
=

Fmix

(
C̃j, Tg = Tref , Tb = Tref , pref , Yref

)
(2.75)
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In this study, the absorption cross-section range is selected for CO2 and H2O

based on [219], with Cmin = 10−4m2/mol, Cmax = 600m2/mol. The same number

of intervals for the absorption cross-section of CO2 and H2O examined, corre-

sponding the number of grey gas are 5, 10, and 15.

The SLW is considered to be the best choice, in comparison with the SNB,

SNBCK, and WSGG models, for multi-dimensional radiation heat transfer cal-

culations based on the considerations of computation time and accuracy [221].

Increasing the number of grey gases in the SLW can achieve higher accuracy,

however, it will requires more computational time. Many implementations of the

SLW model in the 1D and 2D cases [219, 220, 222–224] have shown that the

number of grey gases from 10 to 25 can achieve a good accurate. In 3D cases,

because of computationally spend required, from 10 to 15 grey gases are often

selected [205, 225–227].

2.2.4 Radiative properties of particles

The presence of small particles, pulverised coal, char, fly ash and soot, in coal

fired-furnaces have a significant impact on the radiative heat transfer compared

to that of the gases [206, 228]. The radiative intensity of the electromagnetic

wave through these suspended particles can change by absorption and scatter-

ing. The level of interaction between the wave and particles depend on the size,

shape, particle size distribution and the change in status of these items during

the combustion process. In pulverised coal combustion, it is reasonable to em-

ploy the Mie theory for calculating the radiative properties of a cloud particle

with assuming that the particles are homogeneous and spherical [228]. In the

Mie theory, the radiative properties of a spherical particle having radius r in the

interaction with the electromagnetic wave having a wavelength λ can be defined

using the complex index of refraction, m, and the particle size parameter, x, as

follows:

m = n− ik (2.76)
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x =
2πr

λ
(2.77)

In this section, the radiative properties of a particle, cloud of particles and solu-

tions for radiative properties of particle are discussed.

2.2.4.1 The Mie theory for the radiative properties of a single particle

The interaction between the incident wave and a particle is expressed in terms

of the absorption cross-section, Cabs, and the scattering cross-section, Cscat. The

total absorption and scattering may be expressed in the extinction cross-section,

Cext, as

Cext = Cabs + Csca (2.78)

The cross-sections are often expressed by dimensionless parameters, known as

efficiency factors, by dividing the cross-section items with the projected surface

area, πr2, as follows:

Qext = Qabs +Qsca (2.79)

According to the Mie theory, the scattering and extinction efficiencies are

expressed in the following forms as [133]

Qsca =
2

x2

∞∑
n=1

(2n+ 1)
(
|an|2 + |bn|2

)
(2.80)

Qext =
2

x2

∞∑
n=1

(2n+ 1)< (an + bn) (2.81)

where an, bn are the Mie scattering coefficients.

The scattering phase function, which describes the the fraction of the energy

that is scattered into a given scattering angle, Θ, is expressed as

Φ (Θ) = 2
|S1 (Θ)|2 + |S2 (Θ)|2

x2Qsca

(2.82)

where S1 (Θ) , S2 (Θ) are the complex amplitude functions expressed as

S1 (Θ) =
∞∑
n=1

2n+ 1

n (n+ 1)
[anπn (cos Θ) + bnτn (cos Θ)] (2.83)
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S2 (Θ) =
∞∑
n=1

2n+ 1

n (n+ 1)
[bnπn (cosΘ) + anτn (cos Θ)] (2.84)

The directional scattering behaviour can be expressed by simplifying the av-

eraging cosine of the scattering angles, called the asymmetry factor, and defined

as

g = cos Θ =
1

4π

∫
4π

Φ (Θ) cos ΘdΩ (2.85)

where g is the asymmetry factor, having a value in the range -1 to +1. A negative

value of g shows backward scattering, a positive value shows forward scattering

and g=0 has isotropic scattering (Φ=1). The asymmetry factor can be obtained

directly from the Mie theory.

The scattering phase function from Equation (2.82) is complicated when ap-

plying in the radiative transport equation because of the complicated nature of

Equations (2.83) and (2.84), and a large number of repeated calculation for every

scattering angle, Θ. Therefore, many approximations for the scattering phase

function has been introduced. The Henyey-Greentein phase function can be ap-

plied for the case with strong forward-scattering, and is given by [229]

ΦHG (Θ) =
1− g2

[1 + g2 − 2g cos Θ]3/4
(2.86)

where g is the asymmetry factor. The Henyey-Greenstein phase function is still

complicated in many calculations [133]. One of the most popular approximation

is the Dirac-delta function applied for highly forward-scattering [230]

Φ (Θ) = 2fδ (1− cos Θ) + (1− f)Φ∗ (cos Θ) (2.87)

where f is the forward scattering fraction, and Φ∗ is the normalised phase function

and it may be presented by a series of Legendre polynomials as [230]

Φ∗ (Θ) =
M∑
n=0

A∗nΦ (cosΘ) (2.88)

The coefficient A∗n can be determined from the angular distribution coefficient

An and the forward scatterign fraction f as

(1− f)A∗n = An − (2n+ 1) f (2.89)
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The Dirac-delta function for the isotropic (M = 0) and linear-anisotropic (M = 1)

cases are expressed as follows:

Φ (Θ) = 2fδ (1− cos Θ) + (1− g) (2.90)

Φ (Θ) = 2fδ (1− cos Θ) + (1 + 3g′ cos Θ) (2.91)

respectively, where g′ is the asymmetry factor, determined as

g′ =
g − f
1− f

(2.92)

A representative comparison between the Mie theory and other approximations,

the Henyey-Greenstein phase function, the Dirac-delta function for the isotropic

(M = 0) and linear-anisotropic (M = 1) for coal and ash particles are shown in

Fig. 2.2 for coal particles having a complex index of refraction, m = 2.1− 1.12i,

size parameter x=20, and for an ash particle having m = 1.5− 0.2i, x=5.
Scattering phase function at wavelength=10(a) coal m = 2.2-1.12i x=20, f=0.75 (b) fly ash  m=1.5-0.20i, x=5, f=0.52
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Figure 2.2: Scattering phase function for (a) coal, m=2.1-1.12i, x=20, and (b)
ash, m=1.5-0.2i, x=5.

If the spherical particle is very small (x = 2πr
λ
<< 1), for example soot particle

having a size range 5nm to 80nm, the scattering and extinction efficiencies can

defined through the Rayleigh theory as

Qsca =
8

3

∣∣∣∣m2 − 1

m2 + 2

∣∣∣∣2 x4 (2.93)
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Qext ≈ =
{
m2 − 1

m2 + 2

}
x ≈ Qabs (2.94)

where = is the imaginary part. Due to x << 1, the scattering efficiency can be

neglected in comparison to the absorption efficiency.

2.2.4.2 Radiative properties of a cloud of particles

Spectral radiative properties of a particle cloud, spectral absorption κλ, scattering

coefficient σλ, can be calculated as [133]

κλ(mλ, N0) =

∫ ∞
0

Qaλ(D,λ,mλ)
πD2

4
fn(D)N0dD (2.95)

σλ(mλ, N0) =

∫ ∞
0

Qsλ(D,λ,mλ)
πD2

4
fn(D)N0dD (2.96)

where Qaλ(D,λ,mλ), Qsλ(D,λ,mλ) are absorption, scattering efficiencies of

particle having diameter D, respectively. fn(D) is the number density function

and fn(D)dD is the particle number fraction in the size range D to D + dD as

fn(D)dD =
dN

N0

(2.97)

where dN is the number of particle in the diameter range of D to D + dD, and

N0 is the total number of particles per unit volume.

In the combustion literature, some particle size distribution functions are used

it to fit the experimental data, namely, modified gamma distribution, log-normal

distribution and Rosin-Rammler distribution. The modified gamma distribution

can be expressed as [231]

fn(D) = aDαexp (−bDγ) , 0 ≤ D <∞ (2.98)

where the four constants a, α, b and γ are positive and real, and α is chosen

to be an integer. These constants depend on each other and they are related to

quantities in the frequency distribution, which can be determined by experimen-

tal measurement. The modified gamma distribution distribution reduces to the

Gamma distribution if γ = 1.
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The log-normal distribution can be expressed as [232]

fn(D) =
1√

2πσuD
exp

[
−1

2

(
lnD − lnDM

σu

)2
]

(2.99)

where DM is the median diameter, σu is the log of the ratio of the diameter for

which the cumulative distribution curve has the value range 0.841 to the DM .

In the Rosin-Rammler distribution, the cumulative mass fraction of the par-

ticles having a diameter smaller than D is given by [233]

YD = 1− exp

(
D

Dm

)n
(2.100)

where n is the constant describing a uniform distribution of particles, Dm is the

characteristic particle diameter, defined as the diameter at which YD = 1/e =

0.632.

The Rosin-Rammler distribution can be expressed in terms of the mass frac-

tion of particles having a diameter D as [234]

fm (D) =
n

Dm

(
D

Dm

)n−1

exp

[
−
(
D

Dm

)n]
(2.101)

where n is spread parameter, and Dm is the mean diameter of particles. The

relation between the number density function and the mass distribution function

may be expressed as

fm(D) =
N0m(D)

M0

fn(D) (2.102)

where N0, M0 are the total number of particles and the total mass of the parti-

cles per unit volume, respectively, and m(D) is the mass of the particle having

diameter D.

Fig. 2.3 shows the particle distribution obtained from laboratory measure-

ments on flyash collected at a middle-field location of a power plant electrostatic

precipitator as reported by Goodwin and Mitchner [235] and the distribution of

the particles use the log-normal distribution with σu = 0.747, ln(DM) = −0.214,

and the Rosin-Rammler distribution, with the mean diameter of the particles

Dm = 3.5 μm, and the spread number n = 1.65.
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fN(D) fN(D)_Log fM(D)-Log RR1(Fluent) RR2

0.196 0.0 0.000 1.20E-02 0.011056557
0.461 0.9 0.019 2.07E-02 0.019003095
0.609 0.8 0.043 3.84E-02 0.034966657
0.737 0.7 0.090 7.70E-02 0.070199428
0.485 0.4 0.172 1.67E-01 0.157096812
0.155 0.1 0.263 3.46E-01 0.38932092
0.021 0.0 0.248 3.09E-01 0.878798719
0.001 0.0 0.066 6.04E-03 0.21781252
0.000 0.0 0.000 3.16E-35 -4.14665E-33
2.665 2.935971606 0.900368193 9.76E-01 1.778254708

RR
0.016 73.26308705
0.064 63.05877563
0.160 56.88777192
0.312 52.27459993
0.526 48.27959924
0.798 44.4214667
1.116 40.42270832
1.452 36.13626604
1.769 31.5258835
2.020 26.66014404
2.160 21.70149221
2.158 16.8802282
2.005 12.45124462
1.724 8.640190733
1.363 5.593482517
0.985 3.348896555
0.645 1.837523538
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Figure 2.3: Representive comparison between a particle distribution obtained
experimentally by [235], the log-normal distribution [235] with σu = 0.747,
ln(DM) = −0.214, and the Rosin Rammler distribution with Dm = 3.5 μm,
n = 1.65.

For a given particle size distribution, some average diameters of particles can

be used in calculated properties of a cloud of particles. In a coal combustion

process, the area averaged mean diameter D32, or the Sauter averaged diameter,

is often used as follows [232, 235, 236]:

D32 =

∫∞
0
D3fn (D) dD∫∞

0
D2fn (D) dD

(2.103)

The radiative properties, absorption and scattering coefficients (κλ), for a given

size distribution (σλ), can be calculated from the averaged diameter by:

κλ =
3

2

Vp
D32

Qaλ (2.104)

σλ =
3

2

Vp
D32

Qsλ (2.105)

where Vp is the volume of the particles per unit volume, and Qaλ, Qsλ are the

spectral average absorption and scattering efficiencies for a cloud of particles,

respectively, and these are given by

Qλ =

∫∞
0
Qλ(D)D2fn(D)dD∫∞
0
D2fn(D)dD

(2.106)
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The average scattering phase function is found from the relation

Φλ(θ) =

∫∞
0
Qsλ(D)D2Φλ(D, θ)f(D)dD∫∞

0
Qsλ(D)D2f(D)dD

(2.107)

The Planck mean properties of the particles are defined as

Qp =
1

σT 4

∫ ∞
0

Qλ(D)Iλbdλ (2.108)

where Iλb is the spectral blackbody emissive power at the incident temperature

T 4.

For a cloud of the soot particle, the absorption coefficient does not depend on

the particle distribution and be calculated based on the volume fraction of soot,

fv, as [133]

κλ = −=
{
m2 − 1

m2 + 2

}
6πfv
λ

(2.109)

2.2.4.3 Optical constants of the particles

The optical properties, spectral absorption (Qaλ), scattering (Qsλ) efficiencies

and scattering phase function (Φλ) of a particle can be obtained by using the Mie

theory, assuming that the particle is a homogeneous and isotropic sphere and

requires the specification of the size parameter, x, and the complex refractive

index, m, of the particle material. The complex refractive index, m = n+ ik, of

the particle material depends on the wavelength, composition and temperature

of the particle [133, 235, 237]. The real part n of the complex refractive index

is referred to as the refractive index and the imaginary part k is referred to as

the absorption index. The optical constants n and k are the main differences

between the particle types that can be measured for specific types of particles.

In this section, different measurement data for the optical constants of the coal

and fly-ash particles are discussed.

The characterisation of fly ash is complicated and varies from coal to coal and

for a specific coal the properties fly ash particles are also different from particle to

particle [238, 239]. Several measurement data for the optical constants of different

types of coal fly ash have been obtained [240–245]. From these studies, similar
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results for the real part n from 1.4 to 1.7 have been found. However, the imaginary

parts showed considerable uncertainty between these studies with the range of the

real part value being from 0.005 to 0.05. The uncertainty in the imaginary parts of

the ashes has been explained by the differences in the ash material [238] and it can

be due to the lack of reliable and sufficient experimental data [246]. Results have

been obtained by Goodwin and Mitchner [247] from the measurement of three coal

ash samples over the wavelength range 1 μm to 12 μm at room temperature. In

this study, the effect of the ferrous iron on the absorption index in the wavelength

range 1 μm to 5 μm is mentioned. The influence of the temperature on the

absorption part, k, is also investigated, with the measurements being made for

the temperatures up to 1200 K for the wavelength range 1-7.8 μm. The results

showed that the absorption part increases with increasing temperature [235]. An

extended study of the optical properties of slags to higher temperature and over

a wide range of compositions has been performed in the study [237], with 8 slag

samples measured at temperature 1600 K in the wavelength range 1 μm to 13 μm

and a correlation formula for the optical constants for the fly ash being a function

of the composition, wavelength and temperature are also performed.

The radiative properties of the fly ash and the effect of the fly ash on the

radiative heat transfer have been investigated in some studies [235, 246, 248–

251]. Most of these studies found that the use of wavelength-independent optical

constants for fly ash can produce significant different results compared to that of

the wavelength-dependent optical constants [235, 246, 249, 250] and the radiative

properties calculated using the wavelength-independent optical constants, n=1.5

and k ranges from 0.005 to 0.05, can produce unacceptable results of Planck mean

coefficients. The dependence of the optical properties of fly ash on temperature

have been invested in studies [249, 252, 253] and these studies have found that

the radiative properties of the fly ash are weak temperature dependence and the

effect of temperature can be neglected.

The optical constants of the coal particle can be found in [245, 254–256] and

these studies show that the real part varies between 1.6 to 2.1 for different coals
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over a wavelength range 1 μm to 10 μm, while the imaginary part considerably

differ between the studies in a range from 0.2 to 1.2. The wavelength independent

refractive index of coals can be found in [257] and shown in Table 2.3 .

Table 2.3: Wavelength independent optical constants of coals [257]:

Coals n k

Carbon 2.20 1.12
Anthracite 2.05 0.54
Bituminous 1.85 0.22
Bituminous-K 1.85 0.04
Lignite 1.70 0.066

A recent study [236], using an FT-IR spectrometer to measure the optical

properties of Blind Canyon and Kentucky no. 9 coals has been performed over

the wavelength range 2 μm to 20 μm. It is observed that the results obtained, see

in figure 3.7, are in good agreement with the single-wavelength data determined

from in situ scattering experiments.

Lamda

n k

3 1.6 0.343708

4 1.6 0.180096

5 1.6 0.106

6 1.6 0.158584

7 1.6 0.375012

8 1.6 0.40336

9 1.6 0.45457

10 1.6 0.434

11 1.6 0.250031

12 1.6 0.269309

13 1.6 0.270688

14 1.6 0.274426

15 1.6 0.290625

16 1.6 0.321686

17 1.6 0.364754

18 1.6 0.414163

19 1.6 0.463891

20 1.6 0.51

21 1.6 0.553091

22 1.6 0.600749

Blind Canyan coal

n=1.6

0.001

0.010

0.100

1.000
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[m] 
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k
 

Figure 2.4: Absorption index as a function of the wavelength for a refractive
index n is 1.6 and 1.8 for (a) Blind Canyon coal, and (b) Kentucky no. 9 coal
[236].
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2.2.4.4 Simplified approximations for the radiative properties of par-
ticles

Calculating exactly the radiative properties of particles in coal-fired combustion

furnaces is a complicated process and significantly time consuming because of

the different types of particles (coal, char and soot) and the dependence of the

radiative properties of these particle on their shape, particle size distribution

and the complex index of refraction [72]. On assuming that the particles are

spherical and homogeneous, the Mie theory has been considered as an accurate

and effective method to predict the radiative properties of the particles [133, 258].

Despite the power of the Mie theory in calculating the radiative properties of

the particles, the application theory in combustion processes still has significant

challenges computationally, especially the frequently changing properties of the

particles that need to be calculated during the time that the particles are present

in the furnace [257, 259]. Therefore, several approximations for the calculation of

the radiative properties of the particles in pulverised coal combustion have been

proposed.

(i) Constant properties : The most simple approach for the radiative properties

of the particles are to assume that the properties are constants, with an emissivity

value that varies from 1 for coal to 0.6 for the residual ash. Although this can

introduce a large error in the calculation, currently it is still quite popular in

engineering combustion modelling because it is extensively computationally time

consuming. Some values of the radiative properties are showed in Table 2.4.

Table 2.4: Some radiative properties of the particles that are simplified as con-
stant.

Radiative properties value
Absorption coefficient 0.7[260], 0.85[261], 0.9[262–265]

Scattering factor 0.6[263, 265], 0.9[266]

(ii) Linear properties : Because of the change in the carbon content during the

time that the coal particles in the furnace, Chui et al. [267] proposed that the
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emissivity of the particle is a linear function of the unburnt char content in the

particle, with the emissivity changing between 1 and 0.6, corresponding to the

coal and ash as follows:

εp = Xc + 0.6 (1−Xc) (2.110)

where Xc is the fraction of unburnt char mass.

Yin [206] introduced a scattering factor, fp, as a function of the fraction of

the unburnt combustibles, with the values vary between 0.9 for coal to 0.6 for ash

and is given by

fp = 0.9Xv,c + 0.6 (1−Xv,c) (2.111)

where Xv, c is the fraction of unburnt combustibles.

(iii) Approximations for the radiative properties of ash Bukius and Hwang

[268] determined empirical equations for the extinction, absorption efficiencies

and asymmetry factor based on a large number of calculations using the Mie

theory for a single particle and three coals with different carbon content with

wavelengths from 1 μm to 10 μm and different size distributions. They found

that the dimensionless radiative properties do not depend on the particle size

distributions and only depend on the mean diameter of the particle cloud and the

index of refraction. The Planck and Rosseland mean coefficients were also defined

as a function of the temperature and average diameter of the particles. The

radiative properties are determined from Equation (2.112), with the parameters

given in Table 2.5. This approximation was evaluated by Kim and Lior [259]

for moderate size parameters (16 x 6 60) of coal and char. The extinction

efficiency showed good agreement with the Mie theory with an error less than

5.9%. However, the scattering efficiency is only suitable for a more narrow range

of size parameters with an error being larger than 10%. Recently, the Bukius

and Hwang correlation has been used by [269, 270] for radiation of coal particle,

however, the optical constants employed are independent of the wavelength.

1

yz
=

1

yz0
+

1

yz∞
(2.112)
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Table 2.5: Emperical correlations for the calculation of the radiative properties.

y y0 y∞ z
Qλext
x32F

24
[
1 +

(
x32F
0.016

)2
]

2.25
(x32F )1.1

1.2

Qλabs
x32F

24
[
1 +

(
x32F
0.0275

)2
]

1
(x32F )1.16

1.6

QPext
r32T

0.0032
[
1 +

(
r32T
355

)1.90
]

10.99
(r32T )1.02

1.2

QPabs
r32T

0.0032
[
1 +

(
r32T
725

)1.65
]

13.75
(r32T )1.13

1.5

where x32 is the particle size parameter, F is the function of m, are defined

as:

x32 =
πD32

λ
(2.113)

F (m) =
1

24
=
(
−4

m2 − 1

m2 + 2

)
(2.114)

An approximation for particles proposed by van de Hulst [271], called the

anomalous diffraction limit being valid for x� 1 and |m-1|≤ 1, was recommended

to be used for ash by Kim and Lior [259], with the extinction and absorption

efficiencies being calculated as follows:

Qext = 2− 4

(
cosφ

ρ

)
×
(
e−ρ tanφ

(
sin (ρ− φ)−

(
cosφ

ρ

)
cos (ρ− φ)

)
+

(
cosφ

ρ

)
cos 2φ

)
(2.115)

Qabs = 1 +
e−4xk

2xk
+

(e−4xk − 1)

8x2k2
(2.116)

where

ρ = 2x(n− 1) (2.117)

φ = tan−1

(
k

n− 1

)
(2.118)
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More recently, Johansson [272] proposed correlations for the calculation of

the grey particle properties and the correlations have been fitted to the data

calculated by the Mie theory and use the same relation, Equation (2.112), as

Bukius and Hwang [268]. The correlations for ash particles are shown in Table 2.6,

where rp, T are the radius and temperature of the particle, respectively.

Table 2.6: Correlations for grey ash particle properties.

y y0 y∞ z

Qa,Ash1

( rp
3.57−6.14e−0.0014T

)1.09
0.7 + 0.654

rp0.22
1.1

Qs,Ash1

( rp
0.25−2.05e−0.0019T

)4.0
1.1 + 3.1

rp0.97
0.42

Qa,Ash2

( rp
0.53T−32

)0.9
0.7 + 1.16

rp

0.24 0.31+2.8.10−4T

Qs,Ash2

( rp
0.22−1.87e−0.0015T

)4.0
1.1 + 2.06

rp0.4
0.54

(iv) Approximations for the radiative properties of coal : Kim and Lior [259]

recommended an approximation of van de Hulst [271], called the geometrical-

limit approximation being valid for x� 1 and |m| > 2, for the calculation of the

radiative properties of coal particles, with the size parameter x > 60, and the

extinction and absorption efficiencies being calculated as follows:

Qext = 2 (2.119)

Qabs =
1

2
(f1 + f2) (2.120)

where

fi =
8

q2
i

[
qi − ln(1 + qi +

1

2
q2
i )

]
, i = 1, 2. (2.121)

with

q1 = (nk)1/2 and q2 = 2/q1 (2.122)
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Recent approximation for the grey properties of coal particles were introduced

by Johansson [272], having the same relation as that developed by Bukius and

Hwang [268] , Equation (2.112). The correlation for coal particle are shown in

Table 2.7, where x is the size parameter.

Table 2.7: Correlations for grey coal particle properties.

y y0 y∞ z

Qa,coal

(
x

700

)1.1
0.88 + 1680

x
1.6

Qs,coal

(
x

570

)3.9
1.2 + 2600

x

1.2 0.65

2.3 NOx pollutant in pulverised coal combustion

Nitrogen oxides in the atmosphere consist of nitric oxide (NO), nitrogen dioxide

(NO2), nitrous oxide (N2O) and some other oxides [273]. In fuel combustion,

the NOx emissions contain mostly NO, with a much lower amount of N2O and

NO2 [274, 275]. Results of the measurements of N2O concentration for fossil fuel

fired power plants has been reviewed by Bowman [276] and show that the con-

centration of N2O is very small compared to that of NOx, less than 20 ppmv (at

3% O2) and the ratio of the emissions N2O/NOx is less than 2%. However, the

measurement results from this review for the coal-fired fluidized bed combustors,

which operate at relatively low temperatures, show that the N2O emission be-

comes more important. This study is based on pulverised coal combustion, and

therefore, only the NO formation and destruction are investigated.

This section focuses on the discussion of the NO formation and the reduction

in the pulverised coal combustion in the CFD model. The governing equations for

NO transport are introduced in Section 2.3.1 and different NO formation mecha-

nisms are discussed in Section 2.3.2. The reduction mechanisms are discussed in

Section 2.3.3.
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2.3.1 Governing equations for NO transport

The formation of the NO species does not significantly affect the fluid dynam-

ics or the heat transfer of the combustion process, and so can be calculated as a

post-processing step. Therefore, the accuracy in the predictions of the flame tem-

perature, volatile released, char burnout and aerodynamics are the prerequisites

in the NOx formation predictions [277]. The post-processor is based on solving

the transport equations for the NO and intermediate species, such as HCN, NH3

and N2O as follows:

∂(ρYNO)

∂t
+∇. (ρ~vYNO) = ∇. (ρD∇YNO) + SNO (2.123)

∂(ρYHCN)

∂t
+∇. (ρ~vYHCN) = ∇. (ρD∆YHCN) + SHCN (2.124)

∂(ρYNH3
)

∂t
+∇.

(
ρ~vYNH3

)
= ∇.

(
ρD∇YNH3

)
+ SNH3

(2.125)

∂(ρYN2O)

∂t
+∇.

(
ρ~vYN2O

)
= ∇.

(
ρD∇YN2O

)
+ SN2O (2.126)

where YNO, YHCN, YNH3
and YN2O are the mass fraction of the species NO, HCN,

NH3 and N2O, respectively, and D is the effective diffusion coefficient. The source

terms SNO, SHCN, SNH3
and SN2O are determined corresponding to the mechanism

of the species.

2.3.2 Mechanisms of the NO formation

The NO formation can result from 4 mechanisms: fuel-NO, thermal-NO, prompt-

NO and N2O mechanisms. The fuel-NO mechanism is the dominant source of the

NO formation in coal power plants, with more than 80% of the total NO formation

[55, 56, 275] while the formation from the prompt-NO and N2O mechanisms can

be neglected since its contribution to the total NO is very small [278].

2.3.2.1 Thermal-NO

Thermal-NO is formed from the oxidation of atmospheric nitrogen in a relatively

high-temperature environment and this mechanism is strongly temperature de-
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pendent. The formation of NO under this mechanism is described by the Zel-

dovich mechanism. Themal-NO occurs in air-fired conditions with the presence

of nitrogen in air and this mechanism is almost eliminated under the oxy-fired

condition where nitrogen is replaced by CO2. The set of reactions governing the

formation of thermal-NO is known as the "extended Zeldovich" mechnism and

this is expressed as follows [279]:

O + N2 
 N + NO (R2.1)

N + O2 
 O + NO (R2.2)

N + OH
 H + NO (R2.3)

Using the three reactions, Reactions (R2.1)-(R2.3), the net rate of thermal-NO

formation is express as follows:

d[NO]

dt
= kf1[O][N2] + kf2[N][O2] + kf3[N][OH] (2.127)

−kr1[NO][N]− kr2[NO][O]− kr3[NO][H]

where kf1, kf2, kf3 are the rate constants for the forward reactions in the Reac-

tions (R2.1)-(R2.3), respectively. The rate constants for the reserve reactions are

kr1, kr2, kr3. These rate constants have been reported in several studies [279, 280],

a set of constants based on evaluation of Hanson and Salimian [280] that is widely

accepted in the literature are shown in Table 2.8.

Table 2.8: Reaction rate coefficients in the form k = ArT
βexp (−Ea/RT ) [280].

Reaction constant Ar (m3/kmol-s) β Ea (J/kmol)
kf1 1.80× 1011 0 3.19× 108

kf2 1.80× 107 1 3.89× 107

kf3 7.10× 1010 0 3.74× 106

kr1 3.80× 1010 0 3.53× 106

kr2 3.80× 106 1 1.73× 108

kr3 1.70× 1011 0 2.04× 108
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On assuming that the rate of consumption of free N atoms becomes equal

to the rate of its formation, the overall rate for the three reversible reactions

(R2.1)-(R2.3) can be expressed as [281]:

d[NO]

dt
= 2[O]

kf1[N2]− kr1kr2[NO]2

kf2[O2]

1 + kr1[NO]
kf2[O2]+kf3[OH]

 (2.128)

The rate of thermal-NO formation, Equation (2.128), is a function of the local

temperature and the local concentrations of O2, N2, O and OH. In addition to

the temperature, the O and OH atoms strongly influence the thermal NO rate

[277, 282]. The concentration of the O and OH atoms can be estimated using

equilibrium and partial equilibrium assumptions.

(i) Equilibrium assumption: In the equilibrium assumption, the concentration

of the O atom is determined as [274]:

[O] = k1/2
e [O2]1/2 (2.129)

where ke is the equilibrium constant. For the Reactions (R2.1) and (R2.2), the

equilibrium is determined as follows:

ke =

(
kf1

kr1

)(
kf2

kr2

)
(2.130)

(ii) Partial equilibrium calculation: Different approximations for the partial

approach used to estimate the concentration of the O atom can be found in the

studies [278, 283]. One of those, which is appropriate in fuel rich regions, is based

on the partial equilibrium assumption for the following reactions:

O + H
 OH + O (R2.4)

CO + OH
 CO2 + H (R2.5)

The O atom concentration is determined as

[O] =

(
kf4

kr5

)(
kf5

kr5

)
[O2][CO]

[CO2]
(2.131)

where kf4, kr4 and kf5, kr5 are the rate constants for the forward and reserve

reactions in Reactions (R2.4) and (R2.5), respectively.
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The source term for the thermal-NO mechanism is calculated from the rate

of thermal-NO in Equation (2.128) as

SThermal−NO = MNO
d[NO]

dt
(2.132)

where MNO is the molecular weight of NO(kg/mol).

The thermal-NO concentration that is calculated using the equilibrium ap-

proach has been found to be much lower compared to that of the partial equilib-

rium approach in the flame region [283, 284], thus resulting in large errors in the

NO formation calculations [278]. Therefore, in pulverised coal combustion mod-

elling, the partial-equilibrium approach has been widely selected to determine the

O atom in many studies [285–290].

Under the oxy-fired condition, nitrogen is replaced by CO2, and the thermal-

NO mechanism is therefore, mostly, eliminated. Results from the prediction of

the 550 MW utility boiler and the 100-kW Chalmers laboratory-scale furnace

under the air-fired and oxy-fired conditions show a remarkable decrease in the

NO formation and this is because of the elimination of the thermal NO process

under oxy-fired conditions [286, 291]. It should be noted that the thermal-NO

mechanism was only employed for the air case in the study of Álvarez et al. [292]

when modelling both air and oxyfuel conditions.

2.3.2.2 Prompt-NO

The prompt-NO mechanism describes the formation of NO by the reactions be-

tween N2 with intermediate species from fuel fragmentation, such as CH, CH2,

C2, C2H, and this was first mentioned by Fenimore [293]. This mechanism oc-

curs in fuel-rich regions where there are high concentrations of the hydrocarbon

radicals in a low-temperature environment and for a short time because of the

short-lived hydrocarbon radicals. From the experimental study, Blauwens et al.

[294] found that CH and CH2 have a major contribution on the NO formation

due to the prompt mechanism. The prompt-NO mechanism is widely expressed
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as a sequence of reactions as follows [277, 295]:

CH + N2 
 HCN + N (R2.6)

CH2 + N2 
 HCN + NH (R2.7)

The product of the above reaction, HCN, has a further reaction to form NO or

N2as:

HCN + O2 −→ NO + ... (R2.8)

HCN + N −→ N2 + ... (R2.9)

The amount of NO formation by the prompt-NO mechanism depends on the

number of carbons present in the molecule of the hydrocarbon fuels and the stoi-

chiometry. Therefore, a global kinetic rate, which is correlated from experiments

on different fuel types and different stoichiometric values, has been developed for

the prediction of prompt NO as [97, 277]:

d[NO]

dt
= fcT

βk′pr[O2]a[N2][FUEL]exp(−Ea/RT ) (2.133)

where a and β are constants, fc is the correlation factor which considers the effect

of the fuel types and air-fuel ratio, and it is given as [277]:

fc = 4.75 + 0.0819n− 23.2φ+ 32φ2 − 12.2φ3 (2.134)

where n is the number of carbon atoms in the molecule of the fuel, and φ is the

equivalence ratio. The factors k′pr and Ea in Equation (2.133) are given as follows:

k′pr = 6.4× 106(RT/p)a+1 (2.135)

Ea = 303kJ/kmol (2.136)

The local mole fraction of oxygen, a, depends on the conditions in the flame as:

a =



1.0 if XO2
≤ 4.1× 10−3

−3.95− 0.9lnXO2
if 4.1× 10−3 < XO2

≤ 1.11× 10−2

−0.35− 0.1lnXO2
if 1.11× 10−2 < XO2

< 0.03

0 if XO2
≤ 0.03

(2.137)
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The source term for the prompt-NO mechanism is calculated from the rate of the

prompt-NO in Equation (2.133) as follows:

SPrompt−NO = MNO
d[NO]

dt
(2.138)

where MNO is the molecular weight (kg/mol).

In pulverised coal combustion, which usually operates under lean-fuel condi-

tions, the contribution of the prompt NO to the total NO formed is small, and

therefore this mechanism is usually assumed to be negligible in CFD modelling

[278, 286, 290, 296]. However, in the burner region, which has a slightly fuel-rich,

the prompt NO can increase [297, 298]. Under oxy-fired condition, where the N2

is nearly eliminated, the prompt-NO mechanism, which is proportional to N2,

can be reduced compared to that in the air-fired condition.

2.3.2.3 Fuel-NO

The fuel-NO mechanism occurs from the oxidation of fuel-bound nitrogen which

is released from fuel devolatilisation, called volatile-N, and the nitrogen remains

in the char, called char-N. The volatile-N converts to intermediate nitrogen com-

pounds, primarily HCN and NH3 and then these species oxidise to form NO.

The char-N converts directly to NO from the oxidised char-N atoms, or partly

converts to intermediate nitrogen compounds which are then converted partially

to NO. As a results, the formation from the char nitrogen is proportional to the

carbon burnout. The volatile-N is dominant in the NO formation in regular pul-

verised coal combustion, with about 60-80% of the total NO being formed from

the volatile-N [299, 300].

The split between the amount of the volatile-N and the char-N from the

devolatilisation process of fuel-N is potentially important for the NO formation,

which depends on fuel type, the temperature and and the residence time [301,

302]. The distribution of volatile-N and char-N for specific fuel can be determined

by experiment or using network models, such as the FG-DVC, FLASCHAIN, CPD

models. The distribution of volatile-N is dominant compared to that of char-N

in fuel-N, with about 70-90% Volatile-N in the Fuel-N [297, 299].
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The volatile-N is often assumed to be released mainly as HCN or NH3 and the

rate of HCN/NH3 depends on fuel type, devolatilisation temperature and heating

rate [301]. The high-ranking (bituminous) coal has been shown to produce mainly

HCN, while the low-ranking (lignite) coal or biomass produces more NH3 than

HCN [303]. A low heating rate has shown to have a decreasing a HCN/NH3

ratio for both coal and biomass because the dominant NH3 released [304]. The

HCN/NH3 ratio increases at higher heating rates [305]. The source terms of the

intermediate species, HCN,NH3 and NO, created from volatile-N and char-N can

be expressed by:

Svol,x = αx
SvolYN,volMx

MNV
(2.139)

Schar,x = βx
ScharYN,charMx

MNV
(2.140)

where x refers to HCN,NH3, or NO, Svol, Schar being the source of the volatile

and char (kg/s), respectively, V is the volume of cell (m3), YN,vol, YN,char are the

mass fraction of nitrogen in the volatile and char, respectively, Mx,MN are the

molecular weight of the intermediate specie x and nitrogen, respectively, and αx,

βx are the mass fraction of nitrogen converted to species x from the volatile and

char, respectively. The intermediate species can be oxidised to form NO and

reduced back N2 by the reactions

HCN/NH3 + O2 −→ NO + ... (R2.10)

HCN/NH3 + NO −→ N2 + ... (R2.11)

The mass consumption rates of HCN, NH3 in Reactions (R2.10), (R2.11) are

calculated as:

SHCN,NO = −R1
MHCNp

RT
(2.141)

SHCN,N2
= −R3

MHCNp

RT
(2.142)

SNH3,NO = −R2

MNH3
p

RT
(2.143)

SHCN,N2
= −R4

MNH3
p

RT
(2.144)
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where R1, R2 are the mass consumption rates according to the Reaction (R2.10)

of HCN and NH3, respectively, R3, R4 are the mass consumption rates according

to the Reaction (R2.11) of HCN and NH3, respectively, p, T are the pressure and

temperature, respectively, and R is the universal constant.

The heterogeneous reactions of NO with char can result in the reduction of

NO, and the reduction in NO can be expressed as:

char + NO −→ N2 (R 2.12)

The rate of NO consumption is calculated by

SNO,char = csABETMNORNO,char (2.145)

where ABET is the Brunauer Emmett Teller (BET) specific surface area of pul-

verised coal (m2/kg), cs is the concentration of the particles (kg/m3), RNO,char

is the rate of heterogeneous reaction (2.150), being reported by several studies

[306–309]. The rate of the heterogeneous NO reaction has been found to be

significantly effected by the oxidise gases, particularly O2,CO and H2O. The en-

hancement of the NO-char reduction due to presence of CO in a high temperature

media has been observed in several studies [310–313].

The overall source terms of NO, HCN and NH3 are therefore given by

SNO = Svol,NO + Schar,NO + SHCN,N2
+ SNH3,N2

− SHCN,NO − SNH3,NO − SNO,char (2.146)

SHCN = Svol,HCN + Schar,HCN + SHCN,N2
+ SHCN,NO (2.147)

SNH3
= Svol,NH3

+ Schar,NH3
+ SNH3,N2

+ SNH3,NO (2.148)

The sensitivity of the NO emission in pulverised coal combustion to the fuel

types, devolatilisation and heating rate have been performed using CFD mod-

elling by several authors. Álvarez et al. [292] studied the NO emission from

five coals by experiment and modelling. Regarding the intermediate species com-

position, the anthracite coals released mostly HCN with some NH3, while the

bituminous coals released NH3 with some HCN. The HCN/NH3 ratios for the
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high ranking and low-ranking coals were found to increase with the higher tem-

peratures and heating rates. The sensitivity of the intermediate species to the

NO emission results show that the ratio HCN/NH3, as determined from the FG-

DVG model, shows better results for the NO emission compared to assuming

the case having both volatile-N and char-N converting to HCN or the case with

volatile-N converting to HCN and 20% of char-N converting to NO. Chui and

Gao [314] studied five full-scale boilers, with a capacity range from 200 to 1000

MWe and burning different coal types: anthracites, bituminous and lignite coals.

The study was performed with two ratios of volatile-N/char-N, one and three,

and this shows that the NO emission is significantly effected by the distribution

between volatile-N and char-N. The volatile-N/char-N =3 gives reasonable NO

estimates for boilers burning the lower rank coals (bituminous and lignite). Also

the study recommended that it is necessary to use the measured distribution in

the NO model in order to obtain the best possible prediction results. A sensi-

tivity study of the NO emissions with different parameters: different ratios of

Volatile-N/char-N, HCN/NH3 and conversion values was performed by [285] us-

ing Rhenish Lignite coal. The results for the NO concentrations at the boiler

outlet show that the conversion values, which present the rate of volatile-N and

char-N convert to intermediate species, has a large impact on the level of the NO

emissions and therefore it needs to be considered when selecting these values in

the simulation. The recent study on a pilot facility with bituminous coal by [290]

shows the effect of the intermediates on the formation of NO, with the distribu-

tion of intermediate species: 52% HCN, 10% NH3 and 38% NO, show very good

agreement with the experimental data. A numerical investigation on a pilot scale

test facility for an Australian sub-bituminous coal, performed by Cao et al. [58],

shows that the NO emission behaviour is very sensitive to the volatile-N/char-N.

The higher concentration of CO under oxy-fired conditions has been found

and there is a significant enhancement in the NO reduction by the heterogeneous

reaction compared to that of the air-fired condition. An experimental study on

a 20 kW down-fired combustor has been performed by [32] and it shows that the
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higher concentration of CO in the combustion zone for the oxy case results in

a larger reduction in NO compared to that of the air case. The heterogeneous

reduction has been found to play an important role in the reduction of the NO

from the flue gas recycled under the oxyfuel conditions [315].

2.3.2.4 N2O-intermediate NO mechanism

The N2O-intermediate mechanism was first proposed by Malte and Pratt [316].

This mechanism is important at low temperatures, lower than 1250 K, with the

formation of the intermediate specie and subsequently by the formation of NO

[317]:

N2 + O + M
 N2O + M (R2.13)

N2O + O
 2NO (R 2.14)

where M is the general third body. The concentration of N2O is often assumed

to be a quasi-steady state:

[N2O] =
kf1[N2][O][M] + kr2[NO]2

kr1[M] + kf2[O]
(2.149)

where kf1, kr1 and kf2, kr2 are the rate constants for the forward and reserve reac-

tions in Reactions (R2.13) and (R 2.14), respectively. The rate of NO formation,

via the N2O intermediate mechanism, is calculated as follows:

d[NO]

dt
= 2

(
kf2[N2O][O]− kr2[NO]2

)
(2.150)

and the NO source term is therefore given as

SN2O = MNO
d[NO]

dt
(2.151)

2.3.3 Reburning NO mechanism

The reduction mechanism of NO, called reburn, occurs when the NO reactions

with the hydrocarbon CHi radicals, with the general reaction can be expressed

as [318]:

CHi + NO→ HCN + products (R2.15)

73



where CHi are the hydrocarbon species, i=1, 2, or 3, depending on the hydrocar-

bons used in the flame. Several pathways for reburning NO can be found in some

studies [318–320]. A mechanism of the NO reburn, based the partial equilibrium

approach, has been performed in the studies [320, 321] and this mechanism is

also available in the CFD Fluent. The pathways of the NO reduction can be

expressed by hydrocarbon radicals as follows:

NO + CH2 −→ HCN + OH (R2.16)

NO + CH −→ HCN + O (R2.17)

NO + C −→ CN + O (R2.18)

The hydrocarbon radicals in the Reactions (R2.16)- (R2.18) are determined from

the reactions:

CH4 + H
 CH3 + H2 (R2.19)

CH3 + OH
 CH2 + H2O (R2.20)

CH2 + H
 CH + H2 (R2.21)

CH + H
 C + H2 (R2.22)

In hydrocarbon diffusion flames, the concentration of the H radical has been

observed to have the same order as H2. The concentration of the OH radical can

be estimated by reaction:

OH + H2 
 H2O + H (R2.23)

with

[OH] =
kr8
kf8

[H2O] (2.152)

where kf1 and kr1 are the forward and reverse rates of the Reaction (R2.23),

respectively. The rates of the NO destruction and HCN formation from reburn,

assuming CH4 is the reburn gas, is given as:

d[NO]

dt
= −

(
k1
kf4kf5

kr4kr5
+ k2

kf4kf5kf6

kr4kr5kr6
+ k3

kf5kf6kf7kf8

kr5kr6kr7kr8

)
y2[NO][CH4] (2.153)
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d[HCN]

dt
=

(
k1
kf4kf5

kr4kr5
+ k2

kf4kf5kf6

kr4kr5kr6

)
y2[NO][CH4] (2.154)

where k1, k2 and k3 are the rate of the Reactions (R2.16)-(R2.18) being taken

form [322, 323], kf4, kf5, kf6, kf7 and kr4, kr5, kr6, kr7 are the forward and reverse

reactions, Reactions (R2.19)-(R2.22), can be found in [324].

2.4 Summary

Oxyfuel combustion has brought a new challenge for existing CFD codes which

has been demonstrated as a powerful tool in air-fuel combustion. From the review,

many efforts have been made to develop and validate sub-models for the air-fuel

condition to make them applicable to the new combustion environment. This is

considered to be a first priority for the study of retrofitting in order to keep the

same heat transfer condition in the furnace to that of the oxy-fired conditions as

in the air-fired condition.

The gaseous radiation models, which need to be modified under the oxyfuel

condition by the change of the gas combustion, has received a special attention,

especially the global model which has been a preferred selection for complex

combustion modelling, mostly due to its low computational expense. Several

global models, WSGG, SLW models, and narrow band models, SNB and CK

models being the benchmarks to evaluate the global models, has been reviewed in

this chapter. The evaluation of global model used in this study will be performed

in Chapters 3 and 4 under small and large-scale furnace conditions for both the

air and oxyfuel conditions.

The Mie theory has been considered as an accurate and effective method to

predict the radiative properties of the particles under pulverised coal combustion.

Different measurement data for the optical constants used for the Mie theory

calculation, including wavelength-independent and wavelength-dependent optical

constants, of the coal and fly-ash particles have been reviewed. Also, several

approximations have been used for the calculation of the radiative properties of

particles, which is currently quite popular in engineering combustion modelling,
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has been reviewed. The evaluation of the optical data and approximate solutions

used for the calculation of the radiative properties of the coal and ash particles

are investigated in Chapter 3 and the effects of the optical data and approximate

solutions on the radiative heat transfer in 3D enclosures for different scales of the

furnaces will be performed in Chapters 4 and 5.

The emission of nitrogen oxides from combustion systems is a significant pol-

lutant source that is threatening the global environment. Mechanisms of NOx

formation and destruction processes in combustion systems have been reviewed

in this chapter. The formation of NO is calculated as a post-processing step, and

therefore the accuracy in the predictions of the flame temperature, volatile re-

lease, char burnout and aerodynamics are the prerequisites in the NOx formation

predictions. The sensitivity of the NOx prediction to the choice of the radiation

models on the 250 kW pilot scale combustion test facility (CTF) is performed in

Chapter 5.
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3 Evaluation studies on the radiative prop-
erties of gases and particles

This chapter focuses on the evaluation of the solutions developed for calculating

the radiative properties of particles and gases. The radiation of the particles

is investigated in Section 3.1. In this section, the validation of the Mie theory

for calculating the radiative properties of a particle cloud is performed in Sec-

tion 3.1.1. The relationship of the optical constants to the radiative properties

of the particles is evaluated for both the wavelength-dependent and wavelength-

independent optical constants and the evaluation of the approximate solutions

used for the calculation of the particle properties are performed in Sections 3.1.2

and 3.1.3, respectively. Several models for calculating the radiative properties of

gases are investigated in Section 3.2. The global models which are applied for

the radiative heat transfer study in Chapters 4 and 5 are validated in one- and

three-dimensional cases in Sections 3.2.1 and 3.2.2, respectively. The conclusions

from these studies are summarised in Section 3.3.

3.1 Evaluation of the radiative properties of par-

ticles

The radiative properties of a particle cloud, absorption and scattering efficiencies,

are investigated for both ash and coal particles, taking into account the effects of

the optical constants and the solutions used to calculate the radiative properties

of particles. The particle size distribution of a cloud of particles used in this study

is described using the Rosin-Rammler function [233], see Equation (2.100). The
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size and number density of the particles have a dominant effect on the radiative

properties results of the coal and ash particles [235, 236, 325]. In the study of

Goodwin and Mitchner [235], the Planck mean absorption efficiency and Planck

mean asymmetry of the fly ash of a coarse particle size distribution is found to be

higher than that of the fine one. However, it is clear that the radiative emission

per unit of mass is not in proportion to the increase in the average diameter of

a particle distribution because of the lower projected surface area being found

for a coarser particle size distribution. The present study focuses on the effect of

the optical constants and the approximate solutions used for the calculation of

the particle properties and therefore this study is limited to only one particle size

distribution. Selecting parameters for the particles distribution is based on the

studies [326, 327]. Particularly, the mean diameter is 100 μm and 10 μm for the

coal/char and the ash, respectively. The spread parameter n = 1.2 is assumed

for both the coal/char and ash particles. For a specific range of wavelength, the

absorption and scattering efficiencies can be defined as [235, 236]

Qλ =

∑n
i=1 Qλ(Di)D

2
i fn(Di)dDi∑n

i=1D
2
i fn(Di)dDi

(3.1)

where Qλ(Di) are the absorption and scattering efficiencies for the size distribu-

tion interval corresponding to particles with a diameter Di. The Planck mean

properties of particles can be performed numerically as follows:

Qp =

∑n
i=1QλIbλ,i(T )∆λi∑n
i=1 Ibλ,i(T )∆λi

(3.2)

3.1.1 Validation of the Mie theory code for calculated prop-

erties of a particle cloud

The Mie theory, as described by Bohren and Huffman [328], is employed to cal-

culate the particle properties of a spherical particle, which is developed to cal-

culate the properties of a particle cloud, and this code is validated against the

results obtained by Goodwin and Mitchner [235] for ash particles. Two particle

size distributions obtained from experimental measurements, a fine particle size
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distribution reported by Goodwin [329] and a coarse particle size distribution

reported by [253], are employed to calculate average absorption efficiencies. The

two particle size distributions have mean diameters 3.25 μm and 15 μm for the

fine and coarse particle size distributions, respectively. The log-normal function

is used to describe the distribution of particles as [235]

fn(D) =
1√

2πσuD
exp

[
−1

2

(
lnD − u
σu

)2
]

(3.3)

where u and σu are given in Table 3.1

Table 3.1: Parameters for log-normal particle size distributions.

Distribution u σu

A -0.214 0.747
B 0.35 0.971

The results for the average absorption efficiencies of the cloud of ash particles

for two particle size distributions, Fig. 3.1, are in good agreement with the results

obtained by Goodwin and Mitchner [235] with some differences. The differences

can be explained by the optical properties calculated using data obtained by Liu

and Swithenbank [250], which is fitted from the optical constants measured by

Goodwin and Mitchner [235, 247].

3.1.2 Effect of optical constants on the radiative properties

of particles

The sensitivity of the optical constants, wavelength-independent and wavelength-

dependent values of the optical constants, to the radiative properties of particles

are investigated in this section for both ash and coal. The radiative properties of

particles calculated from wavelength-independent optical constants are compared

against the reference case which is calculated from the Mie theory using data from

Goodwin and Mitchner [235] for the ash and Manickavasagam and Mengüç [236]

for the coal. In terms of wavelength-dependent optical constants, several optical
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Figure 3.1: Average absorption efficency of fly ash calculated based on the fitting
data performed by Liu and Swithenbank [250] compared to the results obtained
by Goodwin and Mitchner [235], (a) fine particle size distribution A, and (b)
coarse particle size distribution B.

databases for some specific ash types from the studies [235, 244, 245] and for

some types of coal from [236, 245] are employed.

3.1.2.1 Wavelength-independent optical constants

As mentioned in Section 2.2.4.3, the real part n and the imaginary part k of

the complex index of refraction of the fly ash found in different studies change

in the range 1.4 to 1.7 and 0.005 to 0.05, respectively. For the coal, the values

are reported to be between 1.6 to 2.1 for the real part and 0.2 to 1.2 for the

imaginary part. In this section, the effect of n and k on the radiative properties

of the particles are investigated based on Planck mean values which are calculated

using the Mie theory.

Fig. 3.2 shows the sensitivity of the radiative properties of the fly ash to n and

k which are coupled with k and n from [235], respectively. Results obtained are

compared to the spectral radiative properties calculated using the experimental

data of Goodwin and Mitchner [235]. The results show that the absorption effi-

ciency is less sensitive to the real part, n, while the scattering efficiency is much
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Figure 3.2: The effect of the optical constants on the radiative properties of ash,
(a) effect of n (with k from [235]), and (b) effect of k (with n from [235]).

more sensitive to increasing values of n, Fig. 3.2 (a). Both absorption and scat-

tering efficiencies strongly depend on the imaginary part, Fig. 3.2 (b). The values

of the particle properties increase with increasing values of k and the maximum

discrepancies in the particle properties are about 0.45 and 0.55 for the scattering

and absorption efficiencies, respectively, for the range of values of k investigated.

The radiative properties calculated from the range of wavelength-independent

optical constants found from previous studies are significantly higher compared

to those calculated from the experimental data of Goodwin and Mitchner [235].

The large difference is postulated to be due to the assumption of the optical con-

stants being wavelength independent is far from realistic [235]. The discrepancies

in the radiative properties calculated from the wavelength-independent optical

constants vary in the range 0.1-0.65 for the absorption efficiency and 0.12-0.71

for the scattering efficiency. The wide range of discrepancies can be explained by

the uncertainty in the imaginary parts, which are caused by the differences in the

material of the ashes and the lack of reliable and sufficient experimental data as

mentioned in Section 2.2.4.3.

The sensitivity of the radiative properties of the coal to the optical constants

are shown in Fig. 3.3, for a wider ranges of values of n and k compared to those in

the ash. The Planck mean properties of the coal show a weak dependence on the
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Figure 3.3: The effect of the optical constants on the radiative properties of coal,
(a) effect of n (with k from [236]), and (b) effect of k (with n from [236]).

temperature range of interest, namely 1200 to 2000 K. The coal properties results

are weakly dependent on the real part and the imaginary part in the ranges of

values of k and n investigated compared to that of ash. The maximum difference

in the absorption efficiencies is about 0.1 for the values of k investigated. How-

ever, the absorption efficiencies calculated from wavelength-independent optical

constants are significantly higher compared to that of the spectral absorption

coefficients of Manickavasagam and Mengüç [236] by up to 0.25 - 0.35. Further,

the values of the spectral scattering efficiencies calculated from the wavelength-

independent optical constants are higher than those obtained from the spectral

optical constants being about 0.22 to 0.47.

3.1.2.2 Wavelength-dependent optical constants

Different databases for the wavelength-dependent optical constants of the ash

[235, 244, 245, 330] and coal [236, 245] are used to calculate the radiative prop-

erties of these particles. The spectral average properties and the Planck mean

properties for a particle cloud, presented in Equations (3.1) and (3.2), respec-

tively, are employed in the calculation of the particle properties.

The compositions of the ashes used for the measurement of the optical con-

stants are shown in Table 3.2 and the wavelength-dependent optical constants
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Table 3.2: Composition of the ash used for measurement of the optical constants.

Ash %SiO2 %Al2O3 %CaO %Fe2O3

Bl-5(BHVB)[245] 49.00 27.54 12.26 0.04
Br-1(SBC)[245] 30.00 11.00 42.00 9.00

Sub-bituminous[247] 52.05 26.80 15.68 5.47

Lamda

n k

1 0.7 1.68 0.08

2 0.8 1.70 0.22

3 0.9 1.68 0.08

4 1 1.72 0.10

5 1.1 1.73 0.10

6 1.2 1.75 0.10

7 1.3 1.77 0.10

8 1.4 1.78 0.08

9 1.5 1.70 0.06

10 1.6 1.76 0.06

11 1.7 1.75 0.08

12 1.8 1.77 0.10

13 1.9 1.83 0.12

14 2 1.83 0.04

15 2.1 1.79 0.06

16 2.2 1.84 0.06

17 2.3 1.83 0.00

18 2.4 1.79 0.00

19 2.5 1.74 0.03

20 2.6 1.77 0.07

21 2.7 1.82 0.06

22 2.8 1.84 0.01

23 2.9 1.80 0.00

24 3 1.76 0.00

25 3.1 1.77 0.00

26 3.2 1.76 0.00

27 3.3 1.74 0.00

28 3.4 1.73 0.01

29 3.5 1.73 0.03

30 3.6 1.75 0.05

31 3.7 1.77 0.02

32 3.8 1.76 0.00

33 3.9 1.72 0.00
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Figure 3.4: Optical constants for the different types of ash, (a) refractive index,
and (b) absorptive index.

are presented in Fig. 3.4, where the optical constants measured by [235, 247] are

based on the fitting performed by [250], and the combined data which is presented

by [251] by combining the experimental data by [244, 330] and the data of [235].

The same wavelength range of 1 μm to 10 μm is used, which is a significant range

for the radiative heat transfer at temperatures typical of coal combustion systems

[247, 257]. Particularly, with the wavelength range selected, it produces 78.8%

of the thermal emission by a black body at the temperature 1200 K, and 93.4

% at 2000 K. Measurement results for both the real and imaginary parts of the

complex index of refraction, n and k, from the studies [244, 245] are much higher

than the experimental measurements obtained by [247].

The spectral mean properties of 3 types of ash are shown in Table 3.2. The

spectrum of the averaged absorption efficiencies as a function of wavelength shows
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the same trend as their imaginary parts. For the short wavelengths, the values

of the absorption efficiencies presented by Blokh [245] are significantly higher

than those produced by Goodwin. Further, the values of absorption efficiencies

of ashes show small in short wavelengths and large in longer wavelengths, while

this trend is opposite for the scattering efficiencies. The Planck mean efficiencies

are shown in Fig. 3.6 for the temperature range 1200 K to 2000 K. The maximum

difference between the Planck mean efficiencies occur between the Bl-5(BHVA)

ash from [245] and the sub-bituminous ash from [247], with about 0.7 and 0.35

for the absorption and scattering efficiencies, respectively. Lamda
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Figure 3.5: Radiative properties calculated from different spectral databases of
ash, (a) absorption efficiency, and (b) scattering efficiency.

To date, there are not many spectral database measurements for ashes that

have been published. Results from previous studies show significantly high spec-

tral properties compared to the more recent studies of Goodwin. The properties

of the ash calculated from the optical constants which are directly dependent on

the composition of the ash, temperature and the accuracy of the measurement

methods. The choice of data for the calculation of the radiative properties of the

ash particle can result in a significant difference in the radiative heat transfer.

The effect of the selection of the radiative properties of the ash on the radiative

heat transfer are investigated in Chapter 4.

Six different types of coal have been considered, see Table 3.3, with the optical
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Figure 3.6: Planck mean optical constants for different types of ash, (a) absorption
efficiency, and (b) scattering efficiency.

constants being measured within the wavelength ranges 0.8 μm to 5.53 μm and

3.0 μm to 22 μm, from [245] and [236], respectively. The refractive and absorptive

indices are shown in Fig. 3.7, with the optical constants of the anthracite coal

being significantly higher than that of other coals.

Table 3.3: Composition of coals used for the measurement of the optical constants.

Coals %Carbon(CMAF) %Volatile(VMAF) Wavelength range
Anthracite[245] 93.00 2.50 0.8-5.53 μm
Bl-2(BHVA)[245] 88.10 21.10 0.8-5.53 μm
Bl-3(BMV)[245] 85.00 22.50 0.8-5.53 μm
Br-2(SBC)[245] 70.20 48.00 0.8-5.53 μm
Blind Cayon[236] 77.20 41.89 3.0-22.0 μm
Kentucky no.9[236] 66.40 34.90 3.0-22.0 μm

Results for the absorption and scattering efficiencies of the coals investigated

are shown in Fig. 3.8. It is observed that the profiles of the absorption efficiencies

are similar to those of the absorptive constants. In the same range of wavelength

investigated, from 3 μm to 5.53 μm, the values of the absorption efficiencies for

the coals investigated by [245] are much higher than those of [236]. Further, the

Planck mean absorption and scattering coefficients of all the coals are almost
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Figure 3.7: Optical constants for different types of coal, (a) refractive index, and
(b) absorptive index.

independent of the temperature, Fig. 3.9, with the maximum difference between

the coals can reach 0.3 for the absorption efficiencies and 0.4 for the scattering

efficiencies. The Kentucky coal, which has a real part 1.8, has the lowest absorp-

tion efficiency and the highest scattering efficient compared to that of the other

coals. Lamda
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Figure 3.8: Radiative properties calculated from different spectral databases of
coal, (a) absorption efficiency, and (b) scattering efficiency.

86



Lamda

Qabs Qsca

1200.0 1.12 1.30

1300.0 1.11 1.30

1400.0 1.11 1.30

1500.0 1.10 1.30

1600.0 1.10 1.30

1700.0 1.09 1.30

1800.0 1.09 1.30

1900.0 1.09 1.30

2000.0 1.08 1.30

Anthracite

Anthracite

0.0

0.5

1.0

1.5

2.0

1200 1400 1600 1800 2000
Temperature[K] 

Anthracite Bl-2(BHVA)

B1-3(BMV) Br-2(SBC)

Blind Canyon,1.6 Blind Canyon,1.8

Kentucky, no9,1.6 Kentucky no9,1.8

0.0

0.5

1.0

1.5

1200 1400 1600 1800 2000

Q
p
ab

s 

Temperature[K] 

Anthracite Bl-2(BHVA)

Bl-3(BMV) Br-2(SBC)

Blind Canyon,1.6 Blind Canyon,1.8

Kentucky, no.9,1.6 Kentucky, no.9,1.8

(b) (a) 

Q
p
sc

a 

Figure 3.9: Planck mean radiative properties for different types of coal, (a) ab-
sorption efficiency, and (b) scattering efficiency.

3.1.3 Evaluation simplified approximations for the radia-

tive properties of particles

The Mie theory is selected as a benchmark to evaluate approximate solutions de-

veloped for the simplification calculation of the radiative properties of the coal and

ash particles. Approximations for calculations of the radiative properties of the

ash [259, 272] and coal [259, 268, 272] are evaluated against the Mie theory which

is validated in Section 3.1, using both wavelength-dependent and wavelength-

independent optical constants. In the case of wavelength-dependent optical con-

stants, the two recent experimental data are employed, namely the experimental

measurement of Goodwin and Mitchner [247] for ash and data measurement of

Manickavasagam and Mengüç [236] for Kentucky no.9 coal with n=1.8.

The validation of the Buckius and Hwang approximation [268] is shown in

Fig. 3.10, with two values of the complex index of refraction being employed

in the comparison with the Mie theory. The results are found to be in good

agreement with the results obtained in the studies [133, 268].

Fig. 3.11 shows the radiative properties of the coal particle cloud calcu-

lated from two approximation solutions using the wavelength-independent and
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Figure 3.10: Extinction and absorption properties of coal calculated from the
approximation of Buckius and Hwang [268].

wavelength-dependent optical constants. In terms of wavelength-independent

optical constants, the approximation of Buckius and Hwang [268] shows better

results compared to that of the approximation of Kim and Lior [259] and good

agreement with the results calculated from the Mie theory, Fig. 3.11 (a), (b).

However, significant errors occur when this approximation is applied using the

wavelength-dependent optical constants, while the Kim and Lior [259] solution

shows better results, Fig. 3.11 (c), (d).

The Planck mean properties of the coals using 2 approximate solutions are

shown in Fig. 3.12. In this study, the approximation of Buckius and Hwang [268]

is not mentioned because this approximation results in significant deviation com-

pared to the Mie theory when it is used with the spectral data of Manickavasagam

and Mengüç [236]. This is because the approximations of Buckius and Hwang

do not depend on the optical properties of the coals. Therefore, this approxi-

mation has been considered as a crude approximation and not appropriate for
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Figure 3.11: Comparison of the radiative properties of coal calculated from ap-
proximate solutions against the Mie theory, (a) absorption efficiency, and (b)
scattering efficiency.

more accurate spectral data for different coals, having optical properties varying

with wavelength, temperature, and particle size distributions [133]. Instead, a

new correlation which has the same functional form as the correlations for the

coal particles presented by Buckius and Hwang [268], and has been developed by

Johansson [272], is used. The results show that the new correlation of Johansson

[272] are in better agreement compared to that of Kim and Lior [259].

Three approximations for the radiative properties of ashes are mentioned in

the present study, when using grey particle correlations. Two of those employed

are from the study of Johansson [272], which is correlated based on two different

sets of the complex index of refraction, namely ash1 and ash2. The third approx-

imation, proposed by van de Hulst [271], and called the anomalous diffraction

limit, was recommended to be used for ash by Kim and Lior [259]
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Figure 3.12: Planck mean radiative properties of coal calculated from different
approximate solutions [259, 272] compared to the Mie theory, (a) absorption
efficiency, and (b) scattering efficiency.

The results obtained for the Planck mean properties of the ashes are calcu-

lated from the three correlations and these are shown in Fig. 3.13. The anomalous

diffraction limit and the ash1 show very good agreement with the Mie theory while

the ash2 is much overpredicted. The large difference between the ash1 and ash2

can be explained by the two ashes being correlated based on two experimental

databases which give significantly different absorption properties for the ash par-

ticles. The ash1 is correlated based on the experimental data of Goodwin and

therefore the result is in very good agreement with the Mie theory. while the

ash2 approximation was based on the data of [330], which has significant higher

absorption properties compared to that of the Goodwin ash.

3.2 Evaluation of the radiation of the gas models

The LBL model is selected as a benchmark in order to evaluate the global models,

NGWSGG and SLW, for the 1D case for both the air and oxyfuel conditions. In

the 3D cases, the evaluation of the global models for the gas environment uses

the SNB model as the benchmark. The radiative source term and the incident

wall heat flux of the global models are compared against the benchmark with the
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Figure 3.13: Planck mean radiative properties of ash calculated from the approx-
imations [259, 272], (a) absorption efficiency, and (b) scattering efficiency.

relative error over the domains investigated being expressed as follows:

err =

∫
N
| (qb,i − qgm,i) |∫

N
|qb,i|

× 100 (3.4)

where N is the number of elements in the domain investigated, and qb,i, qgm,i

are the source term and the incident wall heat flux of element i in the domain

investigated for the benchmark and the global model, respectively.

3.2.1 1D-case evaluation

The non-correlated narrow-band solution developed by De Miranda and Sacadura

[331], which was demonstrated to be in good agreement with the benchmark so-

lution for different one-dimensional cases [149], is employed to solve the radiative

heat transfer equation for a one-dimensional non-grey gas case.

3.2.1.1 Case description

The LBL model developed in this study, which is mentioned in Section 2.2.3.1,

has been validated against the LBL model in the study of Chu at al. [186] for both

the air and oxyfuel conditions. The medium is at a uniform pressure of 1 atm

which is bounded by two parallel black plates which has a separation distance of

0.5 m which is divided into 20 equal elements with the temperature and species

concentration, H2O and CO2, at each centre of the elements as shown in Fig. 3.14.
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Measure

20mm=0.1Mole Statrting value 0.6 mole for CO2 , 0 for H2O

40mm=0.1m starting 0mm

No x CO2-oxy CO2-air H2O Temp x CO2-oxy CO2-air H20

1 5 0.00 4.00 4.00 150.00 0.0125 0.600 0.002 0.002

2 15 40.00 43.20 83.20 200.00 0.0375 0.620 0.022 0.042

3 25 80.00 82.40 162.40 350.00 0.0625 0.640 0.041 0.081

4 35 120.00 121.60 241.60 550.00 0.0875 0.660 0.061 0.121

5 45 160.00 160.80 320.80 800.00 0.1125 0.680 0.080 0.160

6 55 200.00 200.00 400.00 1000.00 0.1375 0.700 0.100 0.200

7 65 177.50 181.25 358.75 900.00 0.1625 0.689 0.091 0.179

8 75 155.00 162.50 317.50 800.00 0.1875 0.678 0.081 0.159

9 85 132.50 143.75 276.25 650.00 0.2125 0.666 0.072 0.138

10 95 110.00 125.00 235.00 500.00 0.2375 0.655 0.063 0.118

11 105 87.50 106.25 193.75 400.00 0.2625 0.644 0.053 0.097

12 115 65.00 87.50 152.50 350.00 0.2875 0.633 0.044 0.076

13 125 42.50 68.75 111.25 300.00 0.3125 0.621 0.034 0.056

14 135 20.00 50.00 70.00 270.00 0.3375 0.610 0.025 0.035

15 145 16.68 35.00 53.33 250.00 0.3625 0.608 0.018 0.027

16 155 13.36 20.00 36.66 215.00 0.3875 0.607 0.010 0.018

17 165 10.04 5.00 19.99 195.00 0.4125 0.605 0.003 0.010

18 175 8.00 4.00 10.00 170.00 0.4375 0.604 0.002 0.005

19 185 6.00 3.00 5.00 165.00 0.4625 0.603 0.002 0.003

20 195 0.00 0.00 4.00 150.00 0.4875 0.600 0.000 0.002
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Figure 3.14: Temperature and CO2 and H2O molar fractions for both the air and
oxyfuel conditions [186].

The concentration of the CO2 under the oxy condition is higher than that in

the air condition everywhere by about 0.6, while both conditions have the same

H2O concentration and temperature distribution. A similar set of parameters for

the LBL model, using the HITEMP-2010 spectral database for both H2O and

CO2, compared to that of [186] are selected, with a uniform spectral resolution of

0.02 cm−1 in a spectral range 150 cm−1 and 9300 cm−1 and a cut-off distance 20

half-width at half maximum (HWHM) being selected. Higher spectral resolutions,

cut-off distances and wider spectrum were also examined. However, the influence

of these parameters on the results is almost negligible for both the source term

and the incident heat flux.

The radiative source term and heat flux results, see Figs. 3.15 and 3.16, show

very good agreement with the LBL results of Chu et al. [186], except for the

location of the peak temperature 1800 K, with the average differences in the

source term and the heat flux for the air case being 7.4% and 6.6%, respectively.

Larger differences are found for the oxy case, with approximately 7.6% and 9.7%

for the source term and the heat flux, respectively. The differences can be due

to the use of different solutions for the RTE and quadrature schemes in the two

studies, with the DOM method and T3 quadrature schemes being employed in
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the study of Chu et al. [186]. In this study, the same RTE solver is used for

investigating the models in the 1D case. From the results evaluated, the LBL

model developed can be used as the benchmark in order to evaluate the global

models. x source
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Figure 3.15: Validation of the LBL calculation for the air condition against the
results of [186], (a) radiative source term, and (b) incident wall heat flux.
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Figure 3.16: Validation of the LBL calculation for the oxyfuel condition against
the results of [186], (a) source term, and (b) heat flux.

3.2.1.2 Validation of the global models in the 1D case

The validation of the global models in the 1D dimensional geometry are performed

in two test cases. The first case, named C1, mentioned in Section 3.2.1.2, which

is used to validation the LBL model for both the air and oxyfuel conditions. The

second case, named C2, which was introduced in the study of Johansson et al.
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[332] and it was used to validate the global model by Kangwanpongpan et al.

[64], presents a non-isothermal and homogeneous oxyfuel environment, with the

temperature profile along the path length between the two walls being expressed

as

T = 1400− 400 cos(2πx/L) (3.5)

where x is the spatial coordinate, and L is the length of the one-dimensional

environment. The boundary conditions on the 2 walls are assumed to be black

and are at a temperature 700 K. The species concentration is assumed to be a

dry flue gas recycling condition with the concentration of CO2 being at 0.8 and

the concentration of H2O is given by

YH2O = 0.12 + 0.04 cos(2πx/L) (3.6)

The results of the case C1 for the radiative source term and the heat flux

are shown in Figs. 3.17 and 3.18, respectively, for both the air and oxyfuel con-

ditions. In this case, the results obtained for the global models show a much

better agreement with the benchmark under the air condition compared to that

of the oxyfuel condition. The NGWSGG model shows very good agreement with

the benchmark for the air case (Fig. 3.17(a) and Fig. 3.18 (a)), with the rela-

tive deviations being about 4% and 10% for the heat flux and the source term,

respectively, and these increase to about 22% and 16% under the oxyfuel condi-

tion. With the SLW model, increasing the number of gases beyond 10 does not

affect the accuracy of the solution. The SLW model shows much better results

compared to those of the NGWSGG model under the air condition, with about

half the deviations being found for the heat flux and the source term. Under

the oxyfuel condition, the SLW model produces a better result for the heat flux,

however, a similar result has been found for the source term compared to that

of the NGWSGG model. The significant deviation in the source term occurs at

about the location x=0.14 m for both the models compared to the benchmark,

where the temperature and species concentration reach maximum values.
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Figure 3.17: Radiative source term of the global models compared to the bench-
mark, (a) air condition, and (b) oxyfuel condition.
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Figure 3.18: Incident wall heat flux of the global models compared to the bench-
mark, (a) air condition, and (b) oxyfuel condition.

Fig. 3.19 shows the results obtained for the radiative source term and the

incident wall heat flux for case C2 under the oxyfuel condition, showing a very

good agreement with the benchmark for both the NGWSGG and SLW models.

The SLW model, with 10 grey gases, shows better results compared to those

obtained in the NGWSGG model, with the discrepancies being about 7% and

4%, for the radiative source term and the heat flux, respectively, and about 11%

95



and 6%, respectively, for the NGWSGG model. x LBL abs(LBL)

0.00500 -223.378 223.378

0.01500 -44.5467 44.5467

0.02500 -10.7295 10.7295

0.03500 5.9759 5.9759

0.04500 16.8097 16.8097

0.05500 24.5038 24.5038

0.06500 30.1838 30.1838

0.07500 34.3369 34.3369

0.08500 37.2803 37.2803

0.09500 39.0716 39.0716

0.10500 39.8373 39.8373

0.11500 39.4881 39.4881

0.12500 38.6541 38.6541

0.13500 37.0255 37.0255

0.14500 34.6415 34.6415

0.15500 31.5807 31.5807

0.16500 30.0889 30.0889

0.17500 14.1642 14.1642

0.18500 8.2283 8.2283

0.19500 1.22138 1.22138

0.20500 -6.82366 6.82366

0.21500 -15.7056 15.7056

0.22500 -25.2319 25.2319

0.23500 -35.0566 35.0566

0.24500 -45.049 45.049

0.25500 -63.4439 63.4439

0.26500 -75.1473 75.1473

0.27500 -87.1678 87.1678

0.28500 -99.4211 99.4211

0.29500 -112.103 112.103

0.30500 -125.153 125.153

0.31500 -137.809 137.809

0.32500 -150.122 150.122

0.33500 -162.174 162.174

SOURCE TERM

-120

-80

-40

0

40

80

120

0.0 0.2 0.4 0.6 0.8 1.0
x [m] 

LBL SLW-10

NGWSGG SLW-15

SLW-5

-800

-600

-400

-200

0

200

400

0.0 0.2 0.4 0.6 0.8 1.0

S
o

u
rc

e 
te

rm
 (

k
W

/m
3
) 

x [m] 

LBL SLW-10

NGWSGG SLW-15

SLW-5

(b) (a) 

W
al

l 
h

ea
t 

fl
u

x
 (

k
W

/m
2
) 

Figure 3.19: Comparation of the global models against the benchmark for, (a)
radiative source term, and (b) incident wall heat flux.

3.2.2 3D-case evaluation

3.2.2.1 Case discription

The 3D cases used for the evaluation of the global models are based on the study of

Liu [333]. And this geometry has been employed in many different publications

[146, 334, 335]. The geometrical dimensions are 2 m × 2 m × 4 m with the

black walls having a temperature 300 K. Both the air and oxyfuel conditions are

investigated with the species concentrations shown in Table 3.4.

Table 3.4: Species concentrations for the air and oxyfuel conditions investigated.

Cases CO2(Vol%) H2O(Vol%) N2(Vol%)
Air case 10 20 70
Oxy case 85 10 5

The temperature profile for the two conditions are expressed as follows:

T = (Tc − Te) f
( r
R

)
+ Te (3.7)
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where Tc is the centreline temperature, Te is the temperature at the end section,

z = 4, and the function f is described as

f
( r
R

)
= 1− 3

( r
R

)2

+ 2
( r
R

)3

(3.8)

where r, R are the distance from the centreline and the half-width of the 3D

enclosure, respectively. The temperature Tc is 400 K at z = 0 m and this value

increases linearly to 1800 K at z = 0.375 m and then decreases linearly to 800 K

at z = 4 m. The temperature profile is shown in Fig. 3.20 with the mesh size be-

ing 17 × 17 × 24 elements which has been demonstrated to be grid independent

and this mesh has also been employed in some later studies [146, 334]. The SNB

results obtained from the study of Porter et al. [146], for both the air and oxyfuel

conditions, are used as benchmarks to evaluate the global models for this study.

The ANSYS FLUENT V17.0 CFD software was used, with the temperature, gas

distributions and the gas global models, NGWSGG and the SLW models, are

implemented by using UDFs. The DOM method was employed to solve the RTE

with each octant of solid angle being divided into Nθ × Nφ = 3 × 3, but more

refined solutions for Nθ×Nφ also were examined but the results obtained did not

change significantly.

               

1800 

  (K) 

300 

600 

1200 

Figure 3.20: Temperature profile for the two centre planes for the 3D case inves-
tigated.
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3.2.2.2 Results and discussion snb
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Figure 3.21: Incident wall heat flux results along wall centreline parallel the z-
axis calculated from global models for the air and oxyfuel conditions compared
against the SNB benchmark obtained by Porter et al. [146], (a) air condition,
and (b) oxyfuel condition.

The results for the incident wall heat flux of the global models are shown in

Fig. 3.21 for both the air and oxyfuel conditions. Both the NGWSGG and SLW

models are in good agreement with the SNB benchmark, with much better results

being obtained from the SLW model compared to those of the NGWSGG model

for both the air and oxyfuel conditions. The NGWSGG model produces over-

predicted results compared to those of the benchmark, with the errors being about

25% and 15% for the air and oxyfuel conditions, respectively. With the SLW

model, the number of gases being about 10 can produce the accurate solutions

and the results from the case having the number of gases being 10 show very good

agreement with the benchmark, with the errors being less than 5% for both the

air and oxyfuel conditions. It can be seen that the heat flux under the oxyfuel

case is lower than that under the air case. This could be explained by the effect of

the temperature profile and concentration of the participating gases. The higher

concentration of CO2 under the oxyfuel case can increase the emission of gases

but this also increases the optical thickness which decreases the incident heat flux
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to the wall. With the temperature profile in the investigated cases, the decrease

in the incident heat flux is likely to increase the emissions under the oxyfuel

condition, therefore, the incident heat flux under the oxyfuel condition is lower

than that under the air condition. Alastair(O2) z air abs()
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Figure 3.22: Radiative source term results along centreline (z axis) calculated
from global models for the air and oxyfuel conditions compared against the SNB
benchmark obtained by Porter et al. [146], (a) air condition, and (b) oxyfuel
condition.

Fig. 3.22 shows the results obtained for the radiative source term of the global

models compared to that of the benchmark. The NGWSGG model shows over-

predicted results compared to those of the benchmark for both the air and oxyfuel

conditions, with the errors being about 17% and 9% for the air and oxyfuel case,

respectively. The SLW results are in very good agreement with the benchmark

and the number of grey gas of 10 or higher shows much better results for the

source term compared to those of the NGWSGG model. Conversely, this model

requires much more computational time to run even for the case with number of

grey gas being 5, see Table 3.5. It can be seen that the higher concentration of

CO2 results in a higher source term under the oxy case compared to that under

the air case.
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Table 3.5: Comparison of the computational time to reach a converged solution.

Models NGWSGG SLW-5 SLW-10 SLW-15
Ratio of computational time 1 40 48.57 62.86

3.3 Conclusions

This chapter has focussed on the evaluation of the radiation of gases and particles

for the CFD modelling of pulverised coal combustion. In terms of the particle

radiation, different experimental databases for the optical constants, wavelength-

independent and wavelength-dependent optical constants, are evaluated using the

Mie theory. The sensitivity of the particle properties to the spectral database has

been investigated and different approximate solutions for calculating the radiative

properties of the particle are also evaluated. In the case of the gas phases, the

global models, NGWSGG and SLW models, are validated against the LBL and

SNB models in 1D and 3D enclosures.

Different values of the wavelength-independent optical constants are obtained

from previous studies for the ash and coal and these were employed to calculate

radiative properties of a particle cloud in comparison to the results obtained

from the wavelength-dependent optical constants. It is found that the radiative

properties of the particles are more sensitive to the absorption part compared

to that of the real part. The radiative properties of the particles are calculated

assuming the wavelength-independent optical constants found in the previous

studies for both the ash and coal are significantly different compared to those of

the wavelength-dependent optical constants. Therefore, the more accurate data,

which accounts for the non-grey properties of the particles, need to be considered

when calculating the radiative properties of the particles.

Different spectral databases for the ashes and coals are used to calculate the

radiative properties of a particle cloud. The results obtained show that there are

large discrepancies between the results obtained for the radiative properties of

the ash when different databases for the wavelength-dependent optical constants
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are applied compared to that for coal. Because of the importance of ash on the

radiative heat transfer in coal combustion systems, developing a spectral database

for a wide range of ashes based on confident measurements are necessary and the

choice of the database for the calculation of the radiative properties of the ash

needs to consider carefully the effect of the composition of the ash, temperature

and the accuracy of the measurement method.

Approximate solutions for calculating the radiative properties of the particles,

coal and ash, can produce significant errors compared to the Mie theory. The cor-

relation of Buckius and Hwang [268], for the calculation of the radiative properties

of the ash and coal particles, are not appropriate for the more accurate spectral

database developed later, such as the experimental data of Manickavasagam and

Mengüç [236] for coal and Goodwin and Mitchner [247] for ash. Recent ap-

proximate solutions for the grey properties of particles of Johansson [272] was

developed based on the spectral databases of coal and ash, and therefore they

can give good agreement with the grey properties calculated from the Mie the-

ory. In terms of the spectral properties of particles, the non-grey approximations

introduced by Kim and Loir [259] for the coal and the anomalous approximation

[271] for the ash show a good agreement with the Mie theory. However, using

these solutions needs to be validated against the conditions of the particle size

parameter and the complex refractive index.

The two non-grey global models for calculating the radiative properties of

a gas, NGWSGG and the SLW models, are evaluated for both the 1D and 3D

cases against the benchmark results for both the air and oxyfuel conditions. Both

models show good agreement with the benchmark, with much better results being

obtained when using the SLW model. However, the number of gases required for

this model to reach an accurate solution of the SLW model, about 10, results in

a significant computational cost in comparison to the use of the non-grey WSGG

model, and the implementation of the SLW model is also more complex compared

to that of the NGWSGG model.
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4 Investigation of the radiation of the gases
and particles in small and large scale
furnaces

In this chapter, the effects of the gases and particles on the radiative heat transfer

are investigated in small and large-scale boilers for both air and oxyfuel condi-

tions. Three-dimensional enclosures are defined based on the parameters from the

opposed wall-fired boiler with different scales, including the effect of the optical

pathlength. In terms of the gases, two non-grey models, namely the NGWSGG

and the SLW models, are evaluated under the air and oxyfuel conditions. The re-

sults for the radiation energy source term and heat flux are compared against the

narrow-band CK model which has been found to be adequate for most practical

applications [336]. In terms of the effect of the particles, the sensitivity of the

radiative heat transfer to the spectral databases and approximations, which were

mentioned in Chapter 3 for calculating the radiative properties of a non-uniform

particle size distribution of coal/char and fly ash, are investigated. In addition,

different particle radiation models, which are often employed for modelling the

radiative heat transfer, are investigated in small and large-scale boilers. In these

models, the NGWSGG model [64] has been employed to calculate the radiation of

the gas phase coupled with the radiation interaction from the particulate phase,

and the Mie theory, as well as the constant models, have been employed to de-

scribe the particle radiative properties. The results obtained have been compared

against the benchmark created by the CK model for the gas and the narrow band

spectral Mie theory for the particles.
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In the cases used in this study, the temperature, particle profiles and gas

distributions for air and oxyfuel conditions are defined in Section 4.1. The ef-

fect of the non-grey gas models on the radiative heat transfer are investigated

in Section 4.2. Section 4.3 studies the effects of the particles on the radiative

heat transfer, with the sensitivity parameters, temperature and concentration of

the particles, being investigated in Section 4.3.1, the sensitivity of the spectral

databases, approximations being investigated in Sections 4.3.2 and 4.3.3, respec-

tively, and the evaluation of the radiation models for the particles is discussed in

Section 4.3.4.

4.1 Case studies

The test cases used in this study are based on an opposed wall-fired boiler, namely

the 1200 MWth large-scale furnace [38] with the schematic of the furnace being

shown in Fig. 4.1. The geometry of the boiler is simplified as a 3D enclosure, for

a large-scale furnace. A small scale boiler is also investigated in this study, and

this is scaled from the large-scale furnace with the scaled ratio being 1:10. The

dimension of the two scales of the furnaces, are shown in Table 4.1.

Table 4.1: Dimentions of the small and large-scale furnaces used in this study.

Furnace Thermal input Dimension of furnace (m)
[MW] Width x Depth x Height

Small-scale furnace 0.685 x 0.865 x 4.7
Large-scale furnace 1200 6.85 x 8.65 x 47

The concentrations of the gases under the air condition are uniform with

14% CO2, 7% H2O and 79% N2 by volume. For the oxy-fired condition, the gas

mixture contains 80% CO2, 10% H2O and 10% N2 by volume.

The temperature distribution for the large-scale furnace are assumed such

that the average heat flux to the waterwalls of the furnace are about 290-300

kW/m2 [245]. The centreline temperature (T0) is piecewise linear that increases
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Figure 4.1: Schematic of the furnace geomertry of the 1200 MWth opposed wall-
fired boiler.

from 1300 K at the bottom of the furnace (z=0) to 2000 K at the burner region.

The temperature remains constant at 2000 K in the burner region (0.8 m ≤ z

≤ 2.0 m for the small-scale furnace and 8.0 m ≤ z ≤ 20.0 m for the large-scale

furnace) and then decreases to 1500 K at the exit point (at z = 4.7 m and 47 m for

the small and large-scale furnaces, respectively). The temperature distribution

on a cross section are adapted from [326], with the temperature of a cell i on the

cross section at the location zi of the centreline being given as follows:

Tci = Tmin +
1

2
(Txi − Tmin)

[
1 + cos

(
π

yi
1.4 ∗ ymax

)]
(4.1)

where Tmin = Twall + 850 K, yi is the component coordinate of the cell i , and Txi

is the temperature of the cells on the axis x along the burner wall, is defined as
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follows:

Txi = Tmin +
1

2
(Tzi − Tmin)

[
1 + cos

(
π

xi
1.1 ∗ xmax

)3
]

(4.2)

where Tzi is the temperature on the centreline line at the location zi along the

furnace, and xmax, ymax are the distance from the centreline to the side and front

walls of the furnace, respectively. The temperature profile in the furnaces are

shown in Figs. 4.2 and 4.3.
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Figure 4.2: The temperature profile at cross section in the burner region of the
large-scale furnace.

The concentration of the coal/char and the ash are expressed as a projected

surface area per unit volume. The maximum concentration of the coal/char is 1.5

m2/m3, which is obtained in the centre of the flame region by modelling the 250

kW facility, and a similar value has been reported in [327] from a 100 kW facility.

The maximum concentration of the fly ash is 0.25 m2/m3 [327]. The concentration

of the particles of a cell i on the cross section at zi on the centreline is based on

[326, 327] and is adapted along the furnace as follows:

fci =
1

2
fcx

[
1 + cos π

(
yi
ymax

)4
]

(4.3)
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Figure 4.3: Temperature profile of the small and large-scale furnaces used in this
study at, (a) the centre at cross-sections, (b) central cross-section along the front
wall and (c) central cross-section along the side wall.

fai = 0.25− 1

2
fax

[
1 + cos π

(
yi
ymax

)4
]

(4.4)

where fci, fai are the concentrations of the coal/char and the ash at the cell

i, respectively, yi is the component coordinate of the cell i, and fcx, fax are the

concentrations of the coal/char and the ash of the cell on the x axis corresponding

to the cell i, respectively, which are defined as follows:

fcx =
1

2
fcz

[
1 + cos π

(
xi
xmax

)4
]

(4.5)

fax =
1

2
faz

[
1 + cos π

(
xi
xmax

)4
]

(4.6)

where xi is the component coordinate of the cell i, and fcz, faz are the maximum

concentrations of the coal/char and the fly ash at the cross section z, respectively.

fcz, faz increase linearly from the values 0 at z=0 to 1.5 and 0.25 at the burner

region for the coal/char and the fly ash, respectively. Also these values are kept
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constant in the burner region and then decrease to zero at the exit point of the

furnace. Figs. 4.4 and 4.5 show the distributions of the coal/char and ash at a

cross section in the burner region, respectively. UDFs are used to implement the

temperature, gas and particle distributions in the CFD Fluent software.
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Figure 4.4: The distribution of the coal concentration in the burner region.
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4.2 Investigation of the radiation of the gases

In this section, two global models for the radiative properties of the gases, the

NGWSGG and SLW models are evaluated for the small and large-scale furnaces

without the presence of particles under both the air and oxyfuel conditions. The

radiation results, the total heat flux and the radiative source term, are compared

against the results obtained from the CK model. The number of grey gases used

in the SLW model is 10, and this was validated in Chapter 3 as being an optimal

value for the SLW model.

The results obtained for the total heat flux transfer through the side wall of

the furnace and the radiative source term along the centerline of the small-scale

furnace for both the air and oxyfuel conditions are shown in Figs. 4.6 and 4.7,

respectively. The results for both global models show a good agreement with the

benchmark. A slight difference results between the SLW and NGWSGG models

under the air condition and both the global models show very good agreement

with the benchmark for both the heat flux and the source term, with the errors

being less than 5% for heat fluxes and 3% for the source terms. However, much

larger errors have been found for the oxyfuel condition, especially, for the NG-

WSGG model. It has been found that the NGWSGG model produces about 15%

and 13% errors for the heat flux and source term, respectively. While the SLW

model shows much better results, with about 3% and 6% errors for the heat flux

and source term, respectively. It can be seen that the heat flux and the source

term under the oxyfuel condition are much higher compared to those under the

air condition for all the cases and the largest difference being found for the NG-

WSGG model, being about 33% and 30% higher for the heat flux and the source

term, respectively. The higher heat flux and radiative source term under the oxy-

fuel condition could be due to the increase in the gas absorption coefficient when

there is a high presence of the CO2 concentration under the oxyfuel condition,

which increases the heat emission from the gases. The higher concentration of

CO2 can increase the optical thickness but this increase can be eliminated by the

effect of the temperature profile, with a high temperature in the wall region. In
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addition, it can be seen that, along the furnace, the heat flux and the source term

obtain their highest value at the flame region for all cases. The high value of the

heat flux and source term in the flame region are due to the high temperature

in this region and this results in a high heat emission from the gas. Also, there

are some sharp changes in the values of the source term at the bottom, top and

the furnace. This is can be explained by the sharp changes in the gradient of the

temperature in these regions along the furnace and this changes the local incident

radiation.
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Figure 4.6: Surface heat flux in the side wall along the small-scale furnace for gas
radiation only, (a) air-fired condition, and (b) oxy-fired condition.
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Figure 4.7: Radiative source term along the centreline of the small-scale furnace
for gas radiation only, (a) air-fired condition, and (b) oxy-fired condition.
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The results for the large-scale furnace are shown in Figs. 4.8 and 4.9 for both

the air and oxyfuel conditions. Similar to the small scale, the heat flux and

the source term under the oxyfuel condition are higher compared to those under

the air condition. However, the average heat flux obtained from the large-scale

furnace is much higher than that from the small-scale furnace for both the air

and oxyfuel conditions, with about 130 kW/m2 and 160 kW/m2 of the large-

scale furnace in comparison to about 60 kW/m2 and 80 kW/m2 of the small-

scale furnace for air and oxyfuel combustion, respectively, while the source terms

are much lower. The higher wall heat flux can be explained by the increase in

the furnace size and this results in a wider isothermal region which has a high

temperature and this increases the incident heat flux to the wall of the furnace

although the high optical pathlength can decrease the the emission of the incident

radiation from the centreline region. Correspondingly, there is an enhancement of

the the isothermal flame region under the large-scale furnace and this decreases

the local incident radiation in this region and this results in the lower of radiative

source term. The average total heat flux through the walls for different scales

of the boiler furnaces are shown in Fig. 4.10. It can be observed that the heat

flux increases with the increasing of the furnace size for all the investigated cases.

However, the errors between global models compared to the benchmark appears

to be less sensitive to the scales of the furnace.
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Figure 4.8: Surface heat flux on the side wall along the large-scale furnace for gas
radiation only, (a) air-fired condition, and (b) oxy-fired condition.
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Figure 4.9: Radiative source term along the centreline of the large-scale furnace
for gas radiation only, (a) air-fired condition, and (b) oxy-fired condition.
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Figure 4.10: Average total surface heat flux for different scales of the boiler
furnaces for both the air and oxyfuel conditions for gas radiation only, (a) air
condition, and (b) oxyfuel condition.

4.3 Investigation of the radiation of the particles

The particle distribution selected is non-uniform and is described by the Rosin-

Rammler distribution [233], see Equation (2.100) and the parameters for the

particle size distribution are mentioned in Section 3.1. The averaged spectral
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absorption and scattering efficiencies of a particle cloud are calculated by an in-

tegration over the particle diameter range of the number particle size distribution

function, fn(D), as given by [235], namely

Qλ =

∫∞
0
Qλ(D)D2fn(D)dD∫∞
0
D2fn(D)dD

(4.7)

where Qλ(D) is the spectral absorption or scattering efficiency of a particle having

a diameter D at a wavelength λ, and Qλ is the average spectral absorption or

scattering efficiency of a particle cloud. The Planck mean properties of a particle

cloud are defined as follows:

Qp =

∫∞
0
QλIλbdλ∫∞

0
Iλbdλ

(4.8)

where Iλb is the spectral blackbody emissive at the temperature T .

The spectral absorption or scattering efficiency of a particle, Qλ(D), is calcu-

lated from the Mie theory [337]. The particle effects are accounted for as described

in Equation (2.60) with the equivalent absorption coefficient κp, and scattering

coefficient σp being defined as follows:

κp = Qp,abs.Ap (4.9)

σp = Qp,sca.Ap (4.10)

where Ap,n is the projected surface area of the particle in the volume, and Qp,abs,

Qp,sca are the Planck mean absorption and scattering efficiencies of a particle

cloud.

4.3.1 Sensitivity study of the parameters of the particles

The concentration and temperature profiles of particles, which are presented in

Section 4.1, are assumed based on experimental measurements and CFD studies.

These parameters can be different depending on the type of furnace, fuels and

operating conditions. In this section, the sensitivity of the radiative heat transfer
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to the temperature and concentration of the coal and fly ash are investigated for

different scales of the furnace.

Fig. 4.11 shows the total wall heat flux results calculated from the different

temperature values of the coal for both the air and oxyfuel conditions. It can be

observed that the total wall heat flux is significantly sensitive to the temperature

of the coal, increasing with an increase in the temperature of the coal. In com-

parison to the case of having the temperature of the coal assumed in Section 4.1,

the average heat flux decreases approximately 20% when the temperature of the

coal decreases by 100 K. Under the oxyfuel condition, the behaviour of the wall

heat flux is different compared to that of the air condition, depending on the

temperature of the coal. In particular, the heat flux under the oxyfuel condition

is slight higher than that under the air condition when the temperature of the

coal is equal to that of the gas and this is in contrast to the cases with the tem-

perature of the coal increasing by 100 K or 200 K. The higher optical pathlength

under the oxyfuel condition can reduce the emission of the coal particles to the

wall. Therefore, when the effect of the coal is dominant by a high temperature

being assumed for the coal, the heat flux under the oxyfuel condition can be lower

than that under the air condition although the heat flux under the oxyfuel con-

dition is higher in the case when only gas is considered. In general, when having

the presence of particles, the difference between the heat flux under the air and

oxyfuel conditions becomes much less than that in the case when having only the

gas being considered.

The effect of the concentration of the coal and ash particles to the total wall

heat flux are shown in Fig. 4.12 for the air condition. In terms of the coal, it

can be seen that the wall heat flux increases with an increase in the value of coal

concentration and the heat flux is much more sensitive under the thin optical

pathlength compared to the large optical pathlength. The large sensitivity in

the small scale furnaces can be explained by the effect of the optical thickness to

the reducing of the incident radiation from the coal being almost ignored. For

the large-scale furnaces, it is clear that the increase in the concentration of the
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MWth Scale 8 20 47 6.850 8.650 Air 0 K 100 K 200 K Oxy

0.1 0.80 2 4.7 0.685 0.865 53.920 188.501 228.52 276.192 77.81

0.2 1.60 4 9.4 1.370 1.730 69.710 209.864 255.525 310.274 96.73

0.4 3.20 8 18.8 2.740 3.460 87.170 208.261 253.714 308.663 118.33

0.6 4.80 12 28.2 4.110 5.190 98.700 202.307 245.988 299.080 131.15

0.8 6.40 16 37.6 5.480 6.920 107.490 197.492 239.541 290.840 140.15

1200 1 8.00 20 47.0 6.850 8.650 114.520 193.758 234.418 284.159 147.05

1.2 9.60 24 56.4 8.220 10.380 120.310 190.821 230.29 278.687 152.62

1.4 11.20 28 65.8 9.590 12.110 125.180 188.471 226.91 274.148 157.17

1.6 12.80 32 75.2 10.960 13.840 129.360 186.538 224.1 270.313 160.95

1.8 14.40 36 84.6 12.330 15.570 133.000 185.59 221.725 267.038 164.12

2 16.00 40 94.0 13.700 17.300 136.210 183.619 219.7 264.214 166.79
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Figure 4.11: Sensitivity of the temperature of the coal to the radiative heat
transfer for the different scales of the furnace under both the air and oxyfuel
conditions.

coal, one side, increases the emissions from the particles, on the the other side it

causes an increase in the optical thickness, which reduces the incident radiation.

In terms of the ash, the increase of the ash concentration results in an increase in

the heat flux but the effect of the ash in the investigated cases appears to be very

small to the average heat flux through the walls of the furnace for both the small

and large-scale furnaces. The smaller effect of the ash can be explained by its

low temperature and concentration in the flame region, where the contribution of

the coal is significant to the wall heat flux. The high sensitivity of the heat flux

to the concentration of the ash occurs in the burnout region but the contribution

to the average heat flux is low because of the lack of presence of the coal and the

low temperature gradient.
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front side

MWth Scale 8 20 47 6.850 8.650 0.5 1.5 2.5 0.1 0.25

0.1 0.80 2 4.7 0.685 0.865 151.794 228.520 252.29 227.557 228.520

0.2 1.60 4 9.4 1.370 1.730 205.854 255.525 259.883 253.331 255.525

0.4 3.20 8 18.8 2.740 3.460 241.130 253.714 250.257 251.070 253.714

0.6 4.80 12 28.2 4.110 5.190 246.475 245.988 242.314 243.499 245.988

0.8 6.40 16 37.6 5.480 6.920 244.086 239.541 236.597 237.244 239.541

1200 1 8.00 20 47.0 6.850 8.650 239.767 234.418 232.31 232.289 234.418

1.2 9.60 24 56.4 8.220 10.380 235.210 230.290 228.979 228.308 230.290

1.4 11.20 28 65.8 9.590 12.110 230.924 226.910 226.323 225.048 226.910

1.6 12.80 32 75.2 10.960 13.840 227.045 224.100 224.165 222.336 224.100

1.8 14.40 36 84.6 12.330 15.570 223.574 221.725 222.388 220.050 221.725

2 16.00 40 94.0 13.700 17.300 220.472 219.700 220.907 218.104 219.700
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Figure 4.12: Sensitivity of the concentration of particles to the radiative heat
transfer under different scales of the furnace for the air condition (a) effect of the
concentration of the coal , and (b) effect of the concentration of the ash.

4.3.2 Effects of the optical properties on the radiative heat

transfer

The sensitivity of the radiative heat transfer to the spectral databases for both

the coal and ash are investigated in this section, by employing 8 databases for

coal and 4 databases for ash. The NGWSGG model is employed to calculate the

properties of the gas and the properties of the particles are described using the

Planck mean coefficients. Using these models to describe the radiative properties

of the gas and particles is appropriate because using the spectral models for both

the gas and particles for the 3D case requires a significant computational time.

Further, a similar model has been performed in the 1D case [272] and this produce

a relative small error of about 2% in comparison to the case when using the SNB

model for the gas and the spectral Mie for the particles.

Figs. 4.13 and 4.14 show the sensitivity of the radiative heat transfer to the

spectral databases employed to calculate the radiative properties of the particles

for both the small and large scale furnaces. The total surface heat flux and the

radiative source term are calculated from the spectral databases of 8 coal types

under the air condition. For the small-scale furnace, Fig. 4.13 shows that the

relative difference between the maximum result from the minimum result is ap-
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proximately 10% for both the total surface heat flux and the radiative source term,

with the lowest results being from the Kentucky, no.9 coal which has n = 1.8. The

radiative heat transfer appears to be less sensitive to the coal database selected

for the large-scale furnace. The selection of the spectral coal database can vary

by about 2% and 6% for the total surface heat flux and radiative source term, re-

spectively. This can be explained by the higher absorption properties of the coal

increasing the emissions but, on the other hand, it can decrease the transmission

of this emission by the increase in the optical thickness in large-scale furnaces.

Also, the source term in the large-scale furnace is significantly lower than that

in the small-scale furnace. This is because the wider isothermal region in the

large-scale furnace increases the local incident radiation to the elements on the

centreline and this decreases the radiative source term. Also the sensitivity study

has examined for the oxyfuel condition. However, there is not much difference

in the effect of the spectral databases of the coal to the radiative heat transfer

under the oxyfuel condition compared to that under the air condition.

Z W kW W

0.00 128855 128.86 136085

0.05 126140 126.14 133129

0.10 136152 136.15 143698

0.15 145429 145.43 153517

0.20 154469 154.47 163088

0.25 163701 163.70 172866

0.30 173513 173.51 183264

0.35 184188 184.19 194584

0.40 195847 195.85 206964
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0.65 260619 260.62 275695
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0.80 292916 292.92 309400

0.85 302871 302.87 319806

0.90 312121 312.12 329483

0.95 319999 320.00 337662

1.00 326359 326.36 344174

1.05 331433 331.43 349289

1.10 335546 335.55 353381
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1.21 341906 341.91 359656
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Figure 4.13: Effect of the optical properties of the coals on the radiative heat
transfer under the small-scale furnace of the air case through the size wall for (a)
total surface heat flux, and (b) radiative source term.

Figs. 4.15 and 4.16 show the total surface heat flux and the radiative source

term with different spectral databases for the fly ash that is being employed. The
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Z W kW W

0.00 122591 122.59 125841

0.50 128793 128.79 132267

1.00 149476 149.48 153714

1.50 167735 167.74 172633

2.00 184817 184.82 190258

2.50 200945 200.95 206778

3.00 216234 216.23 222319

3.50 230820 230.82 237046

4.00 244758 244.76 251061

4.50 258032 258.03 264372

5.00 270664 270.66 277005

5.50 282680 282.68 289003

6.00 294043 294.04 300352

6.50 304603 304.60 310917

7.00 314004 314.00 320332

7.50 321824 321.82 328146

8.00 328128 328.13 334409

8.50 333174 333.17 339375

9.00 336763 336.76 342852

9.50 338903 338.90 344875

10.01 340099 340.10 345977

10.51 340777 340.78 346593

11.02 341160 341.16 346938

11.54 341374 341.37 347129

12.06 341493 341.49 347234

12.59 341560 341.56 347293

13.13 341600 341.60 347326

13.68 341623 341.62 347346

14.23 341636 341.64 347358

14.79 341643 341.64 347363

15.36 341643 341.64 347363

15.93 341634 341.63 347356
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Figure 4.14: Effect of optical properties of the coals on the radiative heat transfer
under the large-scale furnace of the air case through the side wall for (a) total
surface heat flux, and (b) radiative source term.

results show that the radiative heat transfer of the small-scale furnace appears

to be less sensitivity to the spectral databases of the fly ash, with the maximum

difference being less than 1%. However, a large sensitivity occurs in the exit re-

gion of the furnace where a high concentration of the ash exists. In the burnout

region, the heat flux increases with an increase in the absorption property of the

ash particles. In particular, the heat flux calculated from the spectral database

of Goodwin and Mitchner [235] is lower than that from the Bl-5(BHVB) of Blokh

[245]. In terms of the large-scale furnace, a significant effect of the fly ash on

the total surface heat flux was found, see Fig. 4.16. There is about 7% and 4%

average difference between the databases of Goodwin and Mitchner [235] and the

Bl-5(BHVB) [245] for the total wall heat flux and source term, respectively. The

presence of the ash in the large-scale furnace increases significantly the optical

pathlength and this is the main cause for a significant reduction in the incident

emissions of the coal. Therefore, a spectral database that has higher absorption

can result in a higher reduction in the heat flux that occurs in the flame region

where there is the dominant effect of the coal. In the exit region of the furnace,

where there is only the presence of the ash and the temperature is almost isother-
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mal in the inner region, the heat transfer mainly occurs in the boundary layer.

Therefore, a spectral database with a higher absorption property will produce a

higher heat flux.
Air case Air case only

Z W kW

0.00 129030 129.03

0.05 126896 126.90

0.10 137310 137.31

0.15 146872 146.87

0.20 156189 156.19

0.25 165692 165.69

0.30 175716 175.72

0.35 186496 186.50

0.40 198128 198.13

0.45 210531 210.53

0.50 223457 223.46

0.55 236557 236.56

0.60 249434 249.43

0.65 261686 261.69
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0.75 283356 283.36
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Figure 4.15: Effect of the optical properties of the ashes on the radiative heat
transfer under the small-scale furnace of the air case through the side wall for (a)
total surface heat flux, and (b) radiative source term.

Air case Air case only

Z W kW

0.00 125350 125.35

0.50 133014 133.01

1.00 154733 154.73

1.50 171342 171.34

2.00 185742 185.74

2.50 198971 198.97

3.00 211470 211.47

3.50 223470 223.47

4.00 235045 235.05

4.50 246190 246.19

5.00 256941 256.94

5.50 267316 267.32

6.00 277270 277.27

6.50 286653 286.65

7.00 295113 295.11

7.50 302208 302.21

8.00 307873 307.87

8.50 312245 312.25

9.00 315212 315.21

9.50 316893 316.89

10.01 317778 317.78

10.51 318248 318.25

11.02 318493 318.49

11.54 318618 318.62

12.06 318680 318.68

12.59 318711 318.71

13.13 318727 318.73

13.68 318735 318.74

14.23 318740 318.74

14.79 318742 318.74
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Figure 4.16: Effect of the optical properties of the ashes on the radiative heat
transfer under the large-scale furnace of the air case through the side wall for (a)
total surface heat flux, and (b) radiative source term.
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4.3.3 Effects of the approximate solutions

Different approximate solutions are employed to calculate the radiative properties

of the coal and ash particles and these data are applied to calculate the radiative

heat transfer in comparison to that of the Mie theory for both the small and large-

scale furnaces. For each type of particle, coal and fly ash, two spectral databases

are employed, which are for particles that have small and high absorption prop-

erties. The spectral database of the Kentucky no.9 [236] and the anthracite [245]

coals are used, presenting the low and high absorption properties, respectively.

For the ash, the data measured for the sub-bituminous [247] ash, which shows

low absorption properties, and the the Bl-5(BHVB) [245] which shows high ab-

sorption efficiency. The NGWSGG model and the Planck mean approximation

are employed to describe the radiative properties of the gas and the particles.
3-218

Ken

Z W kW W kW

0.00 110729 110.73 116386 116.4

0.05 110536 110.54 116031 116.0

0.10 120786 120.79 126753 126.8

0.15 130386 130.39 136794 136.8

0.20 139902 139.9 146731 146.7

0.25 149730 149.73 156973 157.0

0.30 160135 160.14 167796 167.8

0.35 171245 171.25 179347 179.3
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0.50 208167 208.17 217766 217.8
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0.65 246315 246.32 257334 257.3

0.70 257984 257.98 269327 269.3

0.75 268797 268.8 280374 280.4

0.80 278954 278.95 290738 290.7

0.85 288558 288.56 300572 300.6
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1.15 322615 322.62 335017 335.0
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1.31 329541 329.54 341922 341.9
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Figure 4.17: Effect of the approximate solutions employed on the total surface
heat flux thought the side wall of the small-scale furnace under the air condition
for (a) the Kentucky, no.9 coal, and (b) anthracite coal.

Figs. 4.17 to 4.20 show the radiative heat transfer results for the small and

large-scale furnaces under the air condition, with the radiative properties of the

coal being calculated using the approximations of Johansson [272] and Kim and

Loir [259] in comparison to the Mie theory results. Both the approximations

show, in general, the same results for both furnace scales and higher errors com-

pared to the Mie theory have been found for the small-scale furnace than for
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Z W kW W

0.00 -95060 -95.1 -91292

0.05 -72908 -72.9 -68917

0.10 -60128 -60.1 -56318

0.15 -90007 -90.0 -87576

0.20 -137164 -137.2 -137167

0.25 -195511 -195.5 -198839

0.30 -264002 -264.0 -271446

0.35 -343247 -343.2 -355659

0.40 -434555 -434.6 -452976

0.45 -539543 -539.5 -565210

0.50 -660123 -660.1 -694475

0.55 -798852 -798.9 -843505

0.60 -959597 -959.6 -1016520

0.65 -1148730 -1148.7 -1220540

0.70 -1377670 -1377.7 -1468310

0.75 -1664770 -1664.8 -1779920

0.80 -1879600 -1879.6 -2013400
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Figure 4.18: Effect of approximate solutions employed on the radiative source
term of the small-scale furnace under the air condition for ( a) the Kentucky,
no.9 coal, and (b) anthracite coal.

the large-scale furnace. The effect of the approximate solutions also depend on

the spectral database of the coal employed in the calculation. In particular, the

approximations produce better results when they are applied to the calculation

the anthracite coal [245], which has high absorption properties, with the aver-

age errors for both the radiative heat flux and source term being less than 2%.

However, it should be noted the condition for applying these approximations,

the complex index of refraction |m| ≥ 2. In this study, both spectral databases

employed are checked and do not satisfy this condition, with the value of |m| be-

ing about 1.1 and 1.5 for the Kentucky, no.9 and anthracite coals over the range

of wavelengths investigated, respectively. It should be noted that it is difficult

to satisfy these conditions when using wavelength-dependent optical constants.

However, in the large-scale furnace, the sensitivity of the radiative heat transfer

to the approximations for coal is small so these approximations can be applied

to reduce effect of the computational time.
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Air case only

Z W kW W kW

0.00 91298 91.30 93677 93.68

0.50 99711 99.71 102401 102.40

1.00 121213 121.21 124712 124.71

1.50 138313 138.31 142486 142.49

2.00 153297 153.30 158016 158.02

2.50 166883 166.88 172029 172.03

3.00 179268 179.27 184799 184.80

3.50 190499 190.50 196380 196.38

4.00 200762 200.76 206937 206.94

4.50 210273 210.27 216723 216.72

5.00 219183 219.18 225906 225.91

5.50 227570 227.57 234572 234.57

6.00 235435 235.44 242724 242.72

6.50 242687 242.69 250267 250.27

7.00 249077 249.08 256945 256.95

7.50 254256 254.26 262385 262.39

8.00 258294 258.29 266614 266.61

8.50 261481 261.48 269891 269.89

9.00 263646 263.65 272076 272.08

9.50 264783 264.78 273212 273.21

10.01 265306 265.31 273730 273.73

10.51 265531 265.53 273955 273.96

11.02 265624 265.62 274048 274.05

11.54 265663 265.66 274087 274.09

12.06 265680 265.68 274104 274.10

12.59 265687 265.69 274112 274.11

13.13 265691 265.69 274116 274.12

13.68 265693 265.69 274118 274.12

14.23 265694 265.69 274119 274.12

14.79 265694 265.69 274119 274.12

15.36 265694 265.69 274119 274.12
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Figure 4.19: Effect of the approximate solutions employed on the total surface
heat flux throught the side wall of the large-scale furnace under the air condition
for (a) the Kentucky, no.9 coal, and (b) anthracite coal. Air case only

Z W kW W

0.00 -51411 -51.41 -51629

0.50 -40410 -40.41 -40843

1.00 -28221 -28.22 -28662.1

1.50 -25273 -25.27 -25243.2
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Figure 4.20: Effect of the approximate solutions employed on the radiative source
term of the large-scale furnace under the air condition for (a) the Kentucky, no.9
coal, and (b) anthracite coal.

The sensitivity of the radiative heat transfer to the methods applied to calcu-

late the radiative properties of the ash particles are shown in Figs. 4.21 to 4.24.

The radiative heat transfer results appear to be less sensitive to the approximate

solutions under the small scale furnace, with the largest difference, in comparison

to the Mie theory, being less than 2% for both the total surface heat flux and

the source term. However, significant differences in the results between approxi-

mate solutions has been found for the large-scale furnace in the burnout region.
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The behaviours of the solutions are different when the two spectral databases

are employed in the calculation. The anomalous limit approximation is in good

agreement with the Mie theory for the database of Goodwin and Mitchner [235],

however, it produces an overpredicted result when the Bl-5(BHAV) ash is em-

ployed. This can be explained by the complex index of refraction in the case of

using the data of Goodwin which has been found to satisfy the condition |m-1|

≤ 1. However, this condition is not satisfied for the Bl-5(BHAV) ash, with the

value of |m-1| being found to be in the range 1.2 to 1.4 over the investigated

wavelength range. In terms of the correlations of Johansson [272], it can be seen

that the first correlation, namely ash1, which has been correlated based on the

ash properties [244, 330] having a high absorption property, shows only appropri-

ate when applying the Bl-5(BHAV) ash and the second correlation, namely ash2

which is based on the spectral database of Goodwin and Mitchner [235] having

low absorption properties. Therefore, this approximate solution is appropriate

for ash that has low absorption properties. From the results investigated, ap-

plying an approximations for calculating the radiative properties of the fly ash

for specific combustion environments, especially for calculating the radiative heat

transfer for a large-scale furnace, needs to be considered the effect of the spectral

database employed.
Z W kW
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Figure 4.21: Effect of the approximate solutions for the ash employed on the total
surface heat flux throught the side wall of the large-scale furnace under the air
condition for (a) the Goodwin ash, and (b) the Bl-5(BHAV) ash.
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Z W kW

0.00 -95208 -95.21

0.05 -73204 -73.20

0.10 -60773 -60.77

0.15 -91137 -91.14

0.20 -138930 -138.93

0.25 -197996 -198.00

0.30 -267221 -267.22

0.35 -347188 -347.19

0.40 -439200 -439.20

0.45 -544853 -544.85

0.50 -666017 -666.02

0.55 -805202 -805.20

0.60 -966233 -966.23

0.65 -1155460 -1155.46

0.70 -1384300 -1384.30

0.75 -1671130 -1671.13

0.80 -1885440 -1885.44

0.85 -1870480 -1870.48

0.90 -1752520 -1752.52

0.95 -1666690 -1666.69

1.00 -1602160 -1602.16

1.05 -1551930 -1551.93

1.10 -1512170 -1512.17

1.15 -1480580 -1480.58

1.21 -1455660 -1455.66
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1.31 -1421400 -1421.40
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Figure 4.22: Effect of the approximate solutions for the ash employed on the
radiative source term of the large-scale furnace under the air condition for (a) the
Goodwin ash, and (b) the Bl-5(BHAV) ash.
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Figure 4.23: Effect of the approximate solutions for the ash employed on the total
surface heat flux throught the side wall of the large-scale furnace under the air
condition for (a) the Goodwin ash, and (b) the Bl-5(BHAV) ash.

4.3.4 Evaluation of the particle models

In this section, the Planck mean and constant models for the particle radia-

tion, which are widely employed for modelling in pulverised coal combustion, are

evaluated for the small and large-scale furnaces under both the air and oxyfuel

conditions, with the NGWSGG model being employed to calculate the properties

of the gas. For the constant models, the constant values for radiative properties
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Figure 4.24: Effect of the approximate solutions for the ash employed on the
radiative source term of the large-scale furnace under the air condition for (a) the
Goodwin ash, and (b) the Bl-5(BHAV) ash.

of the particles, with particle emissivity ranging from 0.6 to 0.9, are employed

and the scattering efficiency of the particles being chosen as the default value in

ANSYS Fluent, Qp,sca = 0.01. The results obtained are compared against the

benchmark calculated using the CK model for the gas and the Mie theory for

the spectral radiative properties of the particles. The CK model is implemented

using the updated parameters by Rivière and Soufiani [185], with the spectrum

being divided into 51 narrow bands and using the seven-point quadrature. Par-

ticle properties are calculated for each corresponding band of the narrow-band

CK model, which covers the spectral range 37.5 - 11262.5 cm−1. The anisotropic

scattering phase function is simplified to be isotropic, with the effective scattering

efficiency [208, 338] being used. The optical constants used in the calculation of

the refractive index of the coal particles are taken from the experimental measure-

ments for the Kentucky No. 9 coal, with the real part n=1.8 [236]. For the fly-ash

particles, the wavelength-dependent optical constants measured by Goodwin and

Mitchner [247], as parameterised by Liu and Swithenbank [250], are used. Other

solutions for the particle properties that are also compared in this study include

the Planck mean properties without using the effective scattering efficiency being

coupled with the NGWSGG model, and the Planck mean properties of particle

being coupled with the CK model.
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Figs. 4.25 and 4.26 show the results obtained for the small furnace, the total

surface heat flux and the radiative source term, of the mixture of the gas and

the particle under the air and oxyfuel conditions compared to the benchmark. In

terms of the benchmark, there is no virtually difference between the case using the

Planck mean properties for the particles, namely CK-PL, and the case of having

the spectral properties of the particles, namely CK-SP. For the cases evaluated,

the radiative heat flux results show under prediction in comparison to the the

benchmark, with the largest error being about 22% for the NGWSGG-0.6 case.

However, with scaling the scattering efficiency, the radiative source term is in

good agreement with the benchmark, with the largest errors being about 8% and

5% for the air and oxyfuel cases, respectively. It can be seen that using the Planck

mean coefficient without scaling the scattering efficiency, in the NGWSGG-PL0

case, can result in a significantly lower radiative source term in comparison to the

scaled case, NGWSGG-PL, with about 18% decrease for both the air and oxyfuel

cases, while the radiative heat flux results are better, with about 8% and 5%

decrease for the air and oxyfuel cases, respectively. For the constant properties of

the particles, the heat flux increases with increasing of the absorption efficiency

for both the air and oxy cases and the NGWSGG-0.9 case is in good agreement

with the NGWSGG-PL case compared to the NGWSGG-0.6 case. This is due

to the higher emission of the case having higher absorption, while the effect of

the optical pathlength appears to be not significant in the small-scale furnace.

In addition, the effect of the composition of the gas under the air and oxyfuel

condition appears to disappear when having the presence of the particles for all

the cases investigated.
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Figure 4.25: Total surface heat flux at the side wall along the small-scale furnace
for both the gas and the particle radiation, (a) air-fired condition, and (b) oxy-
fired condition.
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Figure 4.26: Radiative source term along the centreline of the small-scale furnace
for both the gas and particle radiation, (a) air-fired condition, and (b) oxy-fired
condition.

The evaluation of the radiative heat transfer for a mixture of gases and parti-

cles under the large-scale furnace are shown in Figs. 4.27 and 4.28. Similar to the

small scale furnace, in the CK-PL case, there is very good agreement with the

CK-SP case. However, the behaviour of the different cases evaluated are quite

different. In particular, the radiative heat flux results are in very good agreement

with the benchmark, with the largest error being found in the NGWSGG-0.6

case being 12% and for the other cases being less than 5%. While significant
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errors have been found for the radiative source term, being about 30% and 90%

for the NGWSGG-0.9 and NGWSGG-0.6, respectively. The NGWSGG-PL pro-

duces very good results in comparison to the benchmark for both the heat flux

and source term, with about less than 1% error for the radiative heat flux and

6% for the source term. The NGWSGG-PL produces significantly higher results

in comparison to the NGWSGG-PL0 case, being 20% and 40% higher for the

radiative heat flux and source term, respectively. This demonstrates the signifi-

cant effect of the scattering to the heat flux under the high optical thickness in

contract to the thin optical environment. In contrast to the small-scale furnace,

the heat flux and source term under the large-scale furnace decreases with the

increase in the absorption efficiency. This can be explained by the increase in the

absorption coefficient increasing the emission of the particles but the higher ab-

sorption properties also increase the optical thickness, which, in contrast, reduces

the incident heat flux to the wall. The NGWSGG-0.9 case produces very good

results for the heat flux and source term when compared to the NGWSGG-PL

and the benchmark.
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Figure 4.27: Total surface heat flux through the side wall along the large-scale
furnace for both the gas and particle radiation, (a) air-fired condition, and (b)
oxy-fired condition.

Fig. 4.29 shows the total of the heat flux through the walls of the small and

large-scale furnaces for both the air and oxyfuel conditions. It can be seen that
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Figure 4.28: Radiative source term along the centreline of the small-scale furnace
for both the gas and particle radiation, (a) air-fired condition, and (b) oxyfuel
condition.

the selection of the solutions for calculating the absorption efficiency has a larger

effect on the wall heat flux result of the small-scale furnace compared to that

of the large-scale furnaces. The effect of the gas phase to the heat flux can be

neglected for both the small and large-scale furnaces in the presence of particles.

The effect of the coal and fly ash in the cases investigated on the heat flux are

shown in Fig. 4.30. In terms of the coal, it can be seen that the coal has a

dominant effect on the total wall heat flux for both scales of the furnaces and

its effect is different between the small and the large-scale furnaces, and this is

different from the effect of the ash. Also, the effect of the coal to the heat flux

in comparison to that of the gas under the small scale furnace has a much higher

effect for the large-scale furnace. This can be explained by the effect of the optical

thickness under the large-scale furnace, especially when having the presence of

the coal, which has a high absorptive property. It should be noted that the effect

of the coal can be different and it depends on the gas temperature profile, and the

temperature of the coal particles. For the effect of the ash, a similar effect of ash

on the heat flux for both the small and large-scale furnaces, the heat flux increases

with an increase in the absorption efficiency of the ash when the mixture of the

ash and gas are considered. However, the presence of the ash appears to decrease

the total heat flux in the presence of coal, producing about 8% reduction for the
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NGWSGG-PL case under the large-scale furnace in comparison to less than 1%

for the small-scale furnace.
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Figure 4.29: Total surface heat flux throught the walls of the furnaces for both the
air and oxy-fired conditions, (a) small-scale furnace, and (b) large-scale furnace.

Coal emissivity
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Figure 4.30: Total surface heat flux throught the walls of the furnaces for the air
condition with the presence of only the coal, the ash and both the coal and ash,
(a) small-scale furnace, and (b) large-scale furnace.

4.4 Summary and Conclusions

This section has focused on the radiation of the gas and particles under the

air and oxyfuel conditions for both the small and large-scale furnaces. For the

radiation of the gas, some global models have been evaluated for both the small

and large-scale furnaces under the air and oxyfuel conditions. In terms of the

particles, the sensitivity of the radiative heat transfer to the spectral databases
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and approximations in the calculation of the radiative properties of the coal/char

and fly ash has been investigated. Also, the evaluation of the models used for

the particle radiation has been performed. Some conclusions are highlighted from

this section as follows:

The effect of the gas phase on the radiative heat transfer have been inves-

tigated for both the small and large-scale furnaces under the air and oxyfuel

conditions using global models and the results obtained are compared to the

benchmark. It has been found that the total surface heat flux and the radiative

source term in the cases investigated under the oxyfuel condition are higher than

those under the air condition for both the small and large-scale furnaces. Further,

the wall heat flux result is different from the results found from the Chapter 3.

This demonstrates that the high concentration of CO2 under the oxyfuel condi-

tion can increase or decrease the wall heat flux depending on the the temperature

profile. Also, the results show that the increase in the results obtained under the

oxyfuel condition depends on the model employed for the calculation of the radia-

tive properties of the gas and the scale of the furnaces. Among the global models

investigated, the NGWSGG model produces the highest differences, with the av-

erage surface heat flux and the source term under the oxyfuel condition being

higher than those under the air condition by about 45% and 28%, respectively.

In addition, the difference in the radiative heat transfer between the oxyfuel and

air conditions of the large-scale furnace is less than that of the small-scale furnace.

This can be explained by the effect of the optical pathlength.

The sensitivity of the total wall heat flux to the temperature of the coal/char

particle and the concentration of the coal/char and fly ash particles has been

investigated for different scales of furnace. For the thin optical thickness, it is

demonstrated that the heat flux is significantly sensitive to the changes in the

temperature and the concentration of the coal. The increase in the temperature

and concentration of the coal results in an increase in the wall heat flux. Also,

the heat flux sharply increases with an increase in the path length. In terms of

the large optical thickness, the heat flux is likely to be significantly sensitive to
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the temperature of the coal/char and steadily decrease with an increase in the

path-length. Both the small and large-scale furnaces show less sensitivity to the

range of the ash concentrations investigated.

Different spectral databases for coal and ash have been employed in the cal-

culation of the radiative heat transfer for both the small and large-scale boilers

furnace. The results show that the heat transfer in small-scale boiler are much

more sensitive to the spectral database of coal compared to that of ash, and the

relative difference between the database to the wall heat flux can be about 10%

for small-scale boilers. It has been found that the selection of the ash databases

results in more sensitivity in the radiative heat transfer in the large-scale boiler

furnace compared to that in the small-scale furnace, namely about 7% and 1%,

respectively. However, the results can be different for different types of boilers.

Also it demonstrated that the effect of the ash selected in the large-scale furnace

are different between the regions of the furnace. A spectral database that has a

higher absorption can result in a lower heat flux in the flame region where there

is the dominant effect of the coal. In the burnout region of the furnace, a spectral

database with a higher absorption property will produce a higher heat flux.

Different approximate solutions are employed to calculate the radiative heat

transfer in comparison to that of the Mie theory for the small and large-scale fur-

naces. In terms of the spectral approximations, the Kim and Loir approximation

[259] for the coal and the anomalous approximation [271] for the ash show good

agreement with the Mie theory. However, these solutions can give considerable

errors when compared to the Mie theory depending on the scale of the furnace,

such as the small-scale for the coal and large-scale for the ash. Furthermore, It

should be noted that it is difficult to satisfy the condition of these approximations

when using wavelength-dependent optical constants. For grey-properties approx-

imations, the recent approximations of Johansson [272] are developed using a

specified spectral database so they can give a large error when they are applied

to different spectral databases compared to that of the Mie theory.

Different models for calculating the radiative heat transfer of the particles
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have been evaluated for both the small and large-scale furnaces and for both

the air and oxyfuel condition. It has been found that the difference between the

air and oxyfuel conditions on the radiative heat transfer appears to disappear

in the presence of particles. This demonstrates the dominance of the particles

to the total radiative heat transfer compared to that of the gas. The effect

of the particles to the radiative heat transfer is different and depends on the

optical pathlength of the furnace, with a higher sensitivity of the radiative heat

transfer to the particle radiation model selected under the small-scale furnace

being found. Employing the NGWSGG model and the Planck mean coefficient

to describe the radiative properties of the gases and the particles, respectively,

can produce good results in comparison to the the benchmark under the large-

scale furnace, with errors being less than about 1%. However, a significant error

occurs when this method is applied to a small-scale furnace, with about 15% error

for both the air and oxyfuel conditions. In terms of the constant properties of

the particles, the total surface heat flux increases on increasing the absorption

coefficient of the particles in the small-scale furnace, while it decreases in the

large-scale furnace. An absorption coefficient of about 0.9 has been found to be

in good agreement compared to the benchmark for both the small and large-scale

furnaces, with about 8% error compared to the benchmark. The Planck mean

properties coupled with the CK model gives very similar results in comparison

to the spectral properties coupled with the CK model, meaning that spectrally

resolving the particle properties is not important.
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5 Investigation of the radiation of parti-
cles in a 250 kW pulverised coal com-
bustion facility

This chapter focuses on an investigation of the radiative heat transfer in a pul-

verised coal combustion facility, using the 250 kW pilot scale combustion test

facility (CTF), and focusing on the particle radiation and how this affects the

NOx predictions. The modelling results are compared against the experimental

measurements, which were obtained under air-fired and oxy-fired conditions, for

both surface radiative heat flux and in-flame NO concentrations.

The combustion facility and numerical cases are introduced in Sections 5.1

and 5.2, respectively. In Section 5.3, the effects of the particles on the radiative

heat transfer are investigated and the effect of the radiative properties on the NO

emissions are investigated in Section 5.4

5.1 Experimental facility description

The combustion test facility used for this study is the 250 kW down-fired furnace

of the Pilot-scale Advanced Capture Technology (PACT) facilities operated by

the UKCCSRC. The cylindrical furnace has an internal diameter of 0.9 m and is

4 m high and constructed of 8 sections, Fig. 5.1, with each section being 0.5 m

high. The furnace is lined with a 0.1 m thick refractory and the first six sections

are water cooled. The furnace was designed with detailed measurement and char-

acterisation capabilities. The experimental data obtained from the measurements
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for air-fired condition and different cases of oxy-fired conditions, such as Oxy-27,

Oxy-30, were used to evaluate the CFD study results.
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Figure 5.1: A CAD image of the combustion test facility [116].

The burner is a commercial low-NO burner which has been scaled to the

250 kWth and provided by Doosan Babcock. The primary stream and coal are

supplied through a primary annulus, and the two other streams, secondary and

tertiary streams, supply the majority of the swirled oxidiser. A CAD image and

a schematic of the burner are shown in Figs. 5.2 and 5.3, respectively.ïéí
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Figure 5.2: A CAD image of the 250kW Doosan Babcock burner [339].
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Figure 5.3: A schematic of the 250kW Doosan Babcock burner [116].

The concentration of NO was measured in different regions within the furnace

and at the exit section of the furnace using a Signal 4000VMA chemiluminescence

analyser which is based on the chemiluminescent gas phase reaction between ozone

and nitric oxide to produce nitrogen dioxide and oxygen. Approximately 10% of

the NO2 produced emissions of a photons, varying in wavelength between 0.6 and

0.3 micrometres. The intensity of this emission is proportional to the mass flow

rate of NO and is measured by a photomultiplier tube.

The radiative heat flux was measured using an ellipsoidal radiometer, which

consists of a gold-lined ellipsoidal cavity that focuses most of the radiative flux

coming into the cavity from the orifice at the probe tip upon a thermopile sensor,

which is held behind a special glass window, where a nitrogen purge is used to

prevent contamination from the combustion environment.

5.2 Case description

Three combustion conditions have been considered in this study, a baseline air-

fired combustion and two oxyfuel regimes. The El-Cerrejon coal were used, with

the properties of the coal being shown in Table 5.1 and the operating conditions

for both the air- and oxy-fired environments are listed in Table 5.2. Both cases

were set up with a thermal load of 200 kW. User defined functions (UDFs) were

used to customise the radiative property models of the gas and particle phases.
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Table 5.1: Properties of the El-Cerrejon coal*.

Proximate analysis (AR, wt.%) Ultimate analysis (DAF, wt.%)
Fixed carbon Volatiles Ash Moisture C H N S O**

53.98 35.50 2.9 7.63 80.92 5.12 1.65 0.52 11.79

Calorific value (AR) (MJ/kg): 29.61

* AR, as received; DAF, dry ash-free.
** Calculated by difference.

Table 5.2: Inlet flow parameters used in the CFD calculations.

Air Oxy-27 Oxy-30

Mass flow rate (kg/h)
Coal 25.71 25.71 25.71
Primary 63.6 60.90 54.85
Secondary 92.2 87.77 78.00
Tertiary 158.4 150.73 133.96
Inlet gas temperature (K)
Primary 297.15 294.95 294.95
Secondary 524.65 525.15 525.15
Tertiary 524.65 525.15 525.15
Oxygen concentration (mass%)
Primary 23.15 16.20 16.20
Secondary 23.15 22.50 25.71
Tertiary 23.15 22.50 25.71

The particles distribution is fitted to the Rosin-Rammler size distribution in

the range of particle diameter from 1 to 600 μm, having an average diameter

of 120 μm and the spread number 1.1, as shown in Table 5.3. The CTF was

modelled using one quarter of the full geometry, thus exploiting the rotational

symmetry of the furnace, and this results in a structured mesh containing about

1.4 million hexahedral cells, see Fig. 5.4. The mesh is refined with a high density

of cells inside the quarl and the region close to the quarl in order to meet the

mixing between the primary and secondary flows and the high behaviour of the
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flame in these regions, respectively.

Table 5.3: Parameters for the Rosin-Rammler particle size distribution.

Parameter value

Minimum diameter (μm) 1
Maximum diameter (μm) 600
Mean diameter d (μm) 120
Spread number n 1.1

Figure 5.4: A quarter mesh of the 250 kW furnace employed in the CFD calcula-
tions.

All of the cases presented in this study were calculated using a RANS ap-

proach, using the Reynolds stress model of Launder et al. [84] to model the

unclosed terms. The Reynolds stress model has been found to produce better

prediction results for the temperature and oxygen concentration in the recircu-

lation zone [340] and better predictions of NOx [341] than those obtained when

using the k-ε model. The single kinetic rate [102] was used to describe the de-

volatilisation of the coal particles, with the pre-exponential factor of 14,841 s−1

and an activation energy of 35.3 kJ/mol. A two-step global reaction mechanism

was employed for the homogeneous combustion of an empirically defined volatile

species, reactions (R5.1) and (R5.2), and the eddy dissipation model was used
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for the turbulence-chemistry interaction:

C1.733H2.448O0.354N0.0568S0.0077 + 1.309O2

−−→ 1.733CO + 1.224H2O + 0.0284N2 + 0.0077SO2 (R5.1)

CO +
1

2
O2 −−→ CO2 (R5.2)

The surface char combustion reaction is described by the Smith intrinsic model

[90], with the kinetic parameters from [342]: a pre-exponential factor of 4× 10−4

kg/(m2.s.Pa) and an activation energy of 66 kJ/mol. Some of the main model

settings for the cases investigated in this section are presented in Table 5.4.

Table 5.4: General model setting used in modelling the 250 kW combustion test
facility.

Submodel Models employed and parameters
Turbulence model Reynolds stress model [77]
Gas combustion Eddy dissipation model with two step reaction
Particle combustion Intrinsic model [90], with parameters from [342]:

Ai = 4 × 10−4 kg/(m2.s.Pa)
Ei= 66 kJ/mol

Devolatilisation model single kinetic rate [102]
Ar = 14,841 s−1

Ea = 35.3 kJ/mol
Radiation model Discrete ordinates

NΘ ×Nφ = 3× 3

Particle size distribution Rosin-Rammler

The non-grey WSGG model [64] is applied with 4 grey gases and 1 transparent

gas (κg,0 = 0). Therefore, 5 RTEs, as shown in Equation (2.60), have been solved,

with the weighting factors and the absorption coefficients for the gas as follows:

ag,i(~r) =
Nc∑
j=1

cij

(
Tg(~r)

Tref

)j−1

, i = 1, 2, . . . , Ng, ag,0 = 1−
Ng∑
i=1

ag,i(~r) (5.1)
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The particle effects are accounted for in Equations (2.60) and (2.65) with

equivalent absorption coefficient κp, scattering coefficient σp and the equivalent

emissivity Ep,i being defined as follows:

κp = lim
V→0

N∑
n=1

Qabs,n
Ap,n
Vc

(5.2)

σp = lim
V→0

N∑
n=1

Qsca,n
Ap,n
Vc

(5.3)

Ep,i = lim
V→0

N∑
n=1

api,nIbp,nQabs,n
Ap,n
Vc

(5.4)

where N is the total number of particles within the volume Vc, api,n is the weight-

ing factor for the ith grey gas, being determined from Equation (5.1) with replac-

ing Tg by the temperature of the nth particle Tp,n, Ibp,n is the blackbody emissivity

at the temperature of the particle n, and Ap,n is the projected area of the nth

particle. The absorption efficiency Qabs,n and the scattering efficiency Qsca,n are

calculated from the Mie theory [337] using the Planck mean values. In this study,

a simplification of the scattering phase function, namely an isotropic scattering

phase function, is applied and the effective scattering efficiency, Q∗sca,n, is used,

which is obtained from scaling the scattering efficiency, Qsca,n, by the asymmetry

factor, g, as [208, 338], Q∗sca,n = (1− g)Qsca,n. The optical constants used for the

calculation of the refractive index of the coal particles were taken from experi-

mental measurements for the Kentucky No. 9 coal, with the real part n=1.8 and

the wavelength-dependent k determined within the spectral range 2-20 μm [236].

For the fly-ash particles, the wavelength-dependent optical constants measured

by Goodwin and Mitchner [247], as parameterised by Liu and Swithenbank [250],

were used. The Planck mean coefficients were pre-calculated for a range of di-

ameters and temperatures of the particles. For each calculation of the coal and

fly ash particles, the Qabs,n and Qsca,n values were obtained by employing linear

interpolation. The radiative properties of the burning particles are also linearly
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interpolated between the coal and fly ash values based on the current mass of the

char in the burning particles.

Two other approaches for the particle radiative properties were also investi-

gated and compared to the Planck mean coefficients, namely the constant and

the linear-function values. In terms of constant values, a particle absorption effi-

ciency value of 0.9 [262–265] and a particle scattering factor 0.6 [263, 265] for both

air-fired and oxy-fired conditions are employed. The particle scattering efficiency

is calculated from the scattering factor, fp, as Qsca = (1 − fp)(1 − Qabs), thus

resulting in a constant scattering efficiency of 0.04. For the linear-function value,

the radiative properties of particles vary as linear functions of the mass fraction

of char and volatiles in the particles. The linear emissivity function [267], as

shown in Equation (5.5), and the linear function scattering factor [206], as shown

in Equation (5.6), are used as follows:

εp = Xc + 0.6 (1−Xc) (5.5)

fp = 0.9Xv,c + 0.6 (1−Xv,c) (5.6)

where Xc is the fraction of unburnt char mass, and Xv,c is the fraction of unburnt

combustibles.

5.3 Investigation of the particle radiation

5.3.1 Sensitivity of the particle concentration

Although the inlet particle size distribution in this study was fitted to a Rosin-

Rammler distribution function, with two parameters: the mean diameter and

the spread number being identified in Table 5.3, the sensitivity to particle size

resolution needs to be investigated. Because of the computational cost, most

of the studies have assumed that the number of diameter intervals 6 to 10 are

adequate for practical modelling [206, 261, 343, 344]. In a more recent study, the

sensitivity of the radiative heat transfer to the number of diameter intervals has
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been investigated by Krishnamoorthy [345] with three values of the number of

particle diameters being employed, namely 8, 40 and 80. The study shows that

the number of particle diameters employed has a large impact on the incident

radiative flux predictions, however, they have minimal impact on the temperature.

In this section, the sensitivity to the number of diameter intervals is investigated

for both constant and Mie theory solutions for the particle properties in order

to select an appropriate value to eliminate the sensitivity of the radiative heat

transfer to the particle size distribution.
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Figure 5.5: Radial temperature distributions with different values of the number
of diameters for the air condition, (a-d) NGWSGG-Const, and (e-h) NGWSGG-
Mie.
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Figure 5.6: Surface incident radiative heat fluxs with different number of diame-
ters for the air condition (a) NGWSGG-Const, and (b) NGWSGG-Mie.

Figs. 5.5 and 5.6 show the sensitivity of the temperature and the wall heat

flux to the Rosin-Rammler size distributions for the air-fired conditions, respec-

tively. Different the number of diameters of the particle distribution are em-

ployed, namely 10, 20, 40 and 100, in order to examine the two cases correspond-

ing to the constant and Mie-theory properties for particle radiation (NGWSGG-

Const, NGWSGG-Mie). The predicted results for the temperature distribution,

see Fig. 5.5(a-d), show the influence of the Rosin-Rammler resolution on the

in-flame temperature profile for the NGWSGG-Const case. The results show

that the temperature profiles are less sensitive to the resolution of the parti-

cle distribution, with the sensitivity of the temperature mainly occurring in the

high-concentration region of the particles. However, the incident wall heat flux

(Fig. 5.6(a)) is significantly dependent on the number of diameters. This can be

explained because the lower the number of diameters employed produces more

overprediction in the projected surface particle distribution (Fig. 5.7(a)) and con-

sequently a higher extinction coefficient which have dominant equivalent absorp-

tion coefficients (Fig. 5.8(a)), and this results in the higher incident wall heat flux.

It appears that there is not much change in the incident wall heat flux when the

number of diameters is larger than about 40. This is because there is not much

decrease in the concentration of the particles when the number of diameters is

higher than this value. The less dependence of both the temperature profile and

wall heat flux to the Rosin-Rammler resolution was found for the Mie theory case
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investigated as shown in Fig. 5.5(e-h) and Fig. 5.6(b). It can be seen that the

increase in the number of diameters produces a decrease in the projected surface

area concentration of the particles (Fig. 5.7(b)) and this consequently decreases

the emission of the particles. However, using the spectral database of Goodwin

and Mitchner [247] to describe the radiative properties of the ash particles re-

sults in a significantly lower absorption efficiency of the particles, see Fig. 5.8

(c,d). Therefore, the equivalent absorption coefficient becomes less sensitive to

the change in the particle concentration, see Equation (5.2). Although the dom-

inant scattering efficiency in this case, the influence of the scattering radiative

properties of the particles on the surface radiative heat flux has been found to be

negligible in case being optically thin by [338, 346]. From this study, a total of

forty particle diameters are employed for cases investigated later in this study.
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Figure 5.7: Projected surface area distributions of particles at distances 75mm
and 575mm from the burner exit for the air condition (a, b) NGWSGG-Const,
and (c,d) NGWSGG-Mie.

5.3.2 Particle temperature profile

The presence of the particles in coal-fired combustion has a significant effect on

the radiative heat transfer mechanism [72, 327]. The temperature profile of the
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Figure 5.8: Particles radiative properties at distances 75mm from the burner exit
for the air condition, (a,b) NGWSGG-Const, and (c,d) NGWSGG-Mie.

particles are different from that of the gas and the difference depends on several

parameters, such as coal rank, particle residence time, and the reaction zones

[347]. In this section, the temperature profiles of the particles are investigated

and compared to that of the gas phase.

Fig. 5.9 shows the averaged particle temperature profiles for the air- and

oxy-fired conditions compared to the surrounding gas temperatures, with three

types of particles being investigated, namely coal/char, fly ash and a mixture

of both the coal/char and the fly ash. While the temperature of the fly ash is

close to the gas temperature in the furnace, it is found that the behaviour of the

coal/char is quite different. In the inner recirculation region, the temperature of

the coal/char is lower compared to the gas temperature and it is higher in the

outer recirculation region, where higher concentrations of oxygen are predicted.

However, the average temperature of the coal/char and the fly ash are similar to

that of the fly ash. This demonstrates that the number of the coal/char particles

is much lower than the number of the fly ash particles. The temperature of the

coal/char particles under the oxy-fired condition is different from that in the air

condition. This may be due to the different effects of the oxy condition on the
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Figure 5.9: Radial distribution of the particle temperature for, (a-c) the air-fired
condition, and (d-f) the oxy-fired condition.

burnout and the temperature of the particles. The missing temperature values of

the coal/char particles in the outer recirculation region of the furnace at distance

75mm from the burner exit can be explained by there is no presence of these

coal/char particles in this region.

5.3.3 Sensitivity of the optical data

The effect of the optical properties of the coal and ash particles on the radia-

tive heat transfer was investigated in Chapter 4. However, the investigation is

separated from the other sub-models, such as the turbulence and combustion

models and the concentration, temperature of the particle are assumed to be

approximately presented by mathematical function while the temperature and

concentration of the particles are fluctuate in the different regions of the furnace.

In this section, the sensitivity of the radiative heat transfer on the optical proper-
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ties is investigated in the combustion process of a pilot-scale facility, namely the

250 kW combustion furnace. The NGWSGG and the grey particles, which are

calculated from the Mie theory, are employed to describe the properties of the

gas and the particles, respectively. A total of 8 cases, corresponding to 4 optical

databases for the coals and 4 databases for the ashes, are investigated.
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Figure 5.10: Radial temperature distributions for different spectral databases for
the air condition, (a-d) coal, and (e-h) ash.
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Figure 5.11: Surface incident radiative heat flux for the different spectral
databases for the air condition, (a) coal, and (b) ash.
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Figure 5.12: Surface incident radiative heat flux for the different spectral
databases for the air condition, (a) coal, and (b) ash.

The results for the sensitivity of the radiative heat transfer on the spectral

databases that have been selected to describe the properties of the coals and ashes

are shown in Figs. 5.10 and 5.11. It can be seen that the temperature and the wall

heat flux appear to be less sensitive to the spectral databases of both the ash and

coal. For the effect of the coal, it can be seen that the temperature and the heat

flux are not sensitive to the spectral database selected, with the largest deviation

between the wall heat fluxes from the experimental data being less than 1.0%.
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The less sensitivity of the coal, in contrast to the results found in Section 4.3.2 for

a small-scale furnace, can be explained by the lower temperature of the coal/char

particles compared to that of the gas phase, see Section 5.3.2. This results in

the lower influence of the coal particles, although the concentration of the coal is

found to be similar, see Fig. 5.12 (a, b). In terms of the sensitivity of fly ashes,

there is a significant effect of the spectral databases of the ashes employed on

the temperature and the incident wall heat flux, see Fig. 5.10 (e-h) and Fig. 5.11

(b). The high concentration of the ash, see Fig. 5.12 (c, d) results in the high

influence of the ash in this case. From these results, the experimental data for fly

ash of Goodwin and Mitchner [247], which describes the flyash with a significantly

lower absorption efficiency, results in a significantly higher temperature and lower

incident wall heat flux compared to the data of Blokh [245]. The large sensitivity

of fly ashes to the incident wall heat flux occurs in the flame region, which has a

high concentration of particles.

5.3.4 Sensitivity of the approximations for the radiative

properties

The effects of the radiation models employed to describe the properties of the

gas and particles on the radiative heat transfer are investigated in this section.

The non-grey WSGG model is employed to calculate the radiation of the gas

phase coupled with the radiation interaction from the particulate phase. The

Mie theory, as well as the constant and linear models, are employed to describe

the particle radiative properties. The predicted results, calculated from the data

for a 250 kW furnace, are compared against the experimental measurements under

the air-fired condition and a range of oxyfuel conditions.

Fig. 5.13 shows the radial distribution of the temperature at different positions

along the furnace for both the air- and oxy-fired conditions. Different cases are

implemented by employing the grey and non-grey gas radiative models coupled

with the constant, linear or Planck averaged coefficients for the radiative prop-

erties of the particles. In terms of having the same radiative model for the gases
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Figure 5.13: Radial temperature distribution at several distances from the burner
exit for the air-fired condition (left) and the oxy-27 condition (right).

(grey WSGG or non-grey WSGG), there is only a small difference in the tem-

perature distribution between the cases that have constant and linear radiative

properties for the particles. In contrast, being described by the same radiative

model for the particles (constant or linear cases), the non-grey gas models show

higher temperatures than those situations when employing the grey gas models.

This is mainly in regions that contain a higher particle concentration (such as

the inner recirculation zone located close to the exit of the burner). The temper-

atures in the case of the non-grey gas and the Planck mean values for the par-
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ticles (NGWSGG-Mie) is more overpredicted in comparison with the cases that

have constant or linear radiative coefficients for the particles (NGWSGG-Const,

NGWSGG-Linear). This is due to the radiative properties of the particles, that

are described by the Mie theory, being the dominant scattering coefficients and

having significantly lower absorption coefficients, as shown in Fig. 5.14, and con-

sequently increasing the temperature of the surrounding gas. In the near-burner

region, the higher concentration of the particles in the internal recirculation zone

also causes a significantly higher in-flame temperature in the non-grey WSGG

cases than for the other cases that are described by the grey gas model. In con-

trast, this is not found to be the situation in the outer recirculation zone, where

there is a lower concentration of particles. Further downstream, at an axial dis-

tance 575 mm from the exit of the burner, there is a substantial amount of fly

ash with an almost constant concentrations in the radial direction and there is

no fluctuations in the radial temperature profiles. A similar variation trend can

be observed at 3500 mm from the exit of the burner in the burnout region and

there is a similar temperature distribution for all cases investigated in this region.

The contours of the temperature distribution for both the air-fired and oxy-fired

conditions are shown in Fig. 5.15. From this figure, the high-temperature flame

of the oxy-fired conditions are closer to the centreline of the furnace compared to

that of the air-fired condition. This may be a consequence of the lower volume

flow rate of the oxidant flows under the oxy-fired conditions compared to that of

the air-fired condition.

The results of this CFD study for the radiative incident wall heat fluxes are

shown in Fig. 5.16 for both air and oxy-fired conditions compared to the exper-

imental data from [265]. The experimental data shows that the incident wall

heat fluxes increase quickly in the first section of the furnace, reaching their peak

values at about 0.5 m and 0.75 m from the burner exit for the air and oxy-fired

conditions, respectively. The difference in the positions of the peak values of

the incident wall heat flux under the oxy-fired condition, compared to that of

the air-fired condition, can be explained by the different flame behaviour under
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Figure 5.14: Particles radiative properties at distances 75 mm and 575 mm from
the burner exit for (a, b) the air-fired condition, and (c, d) the oxy-27 condition.

the conditions investigated in this study and this is caused by the lower volume

flow rates of the inlet flows under oxyfuel conditions. The behaviour of the heat

fluxes are quite similar for both conditions in the downstream region of the fur-

nace from the axial distance 1 m to the furnace exit. Results from the CFD

show the same behaviours for the incident wall heat fluxes compared to the ex-

perimental data for both conditions. The different flame behaviours, shown in

Fig. 5.15, can be explained by the differences in the peak positions of the heat

fluxes for the two conditions.In terms of the effects of the gas and particle models

to the incident wall heat fluxes under the CFD study for both the air and oxy-

fired conditions, the non-grey gas model shows an improvement in the results

in the flame zone compared to that of the grey gas model. The GWSGG-const

case and the NGWSGG-Const case show the over-predicted results in comparison

with the cases that have linear coefficients for the particle radiation, namely the

GWSGG-Linear and the NGWSGG-Linear cases. This is due to reducing the

equivalent absorption coefficients of the particles under the linear properties of

the particles. The properties of the particles described by the Mie theory have a

significantly lower incident wall heat flux but they are in closer agreement with
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the experimental data. The lower incident wall radiation is due to the Mie theory

cases having a significantly lower equivalent absorption coefficient and a higher

scattering efficiency of the particles compared to the constant and linear cases,

as shown in Fig. 5.14.                           
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Figure 5.15: Temperature distributions of the air-fired condition (left) and Oxy-
27 condition (right) for different radiative properties of the gas and particles.
(a)WSGG-Const, (b)NGWSGG-Const, and (c)NGWSGG-Mie.
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Figure 5.16: The CFD results for the surface incident radiative heat flux for (a)
the air-fired condition, and (b) the oxy-27 condition compared to the experimental
data [265].
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5.4 Effect of the radiation of the particles on the

NO emissions

The mechanisms for the NOx formation and destruction processes in combustion

systems are very complicated [297]. As the NOx species are trace species within

the domain, the formation of the pollutant species does not significantly affect

the fluid dynamics or heat transfer of the combustion process, and so can be cal-

culated as a post-processing step. This means that the accuracy in the predicting

of the flame temperature, volatile release, char burnout and aerodynamics are

prerequisites in the NOx formation predictions [277]. This section determines the

sensitivity of the NOx prediction to the radiation models selected.

In this study, 80% of the coal nitrogen is assumed to be released with the

volatiles-N and 20% of the nitrogen is bound with char. The volatile-N converts to

HCN and NH3 as intermediate species at 55% and 10%, respectively, with the rest

of the volatile-N forming directly to NO. A similar partition of the intermediate

species has been examined on pulverised coal combustion and this showed a good

agreement with the experiment data [290]. The char-N is directly converted to

NO [348] and the partial equilibrium approach [321] was selected for the reburning

solution. Fig. 5.17 illustrates a simple NO formation and destruction pathway

that is employed in this section.
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5.4.1 Sensitivity of equivalent fuels to reburning

The partial equilibrium approach employed for modelling the reburn in this study

is a simple procedure compared to a detailed kinetic scheme which is massively

computational expensive for coal combustion in order to specify the radical con-

centrations. In the partial equilibrium approach, the reburn fuel can be selected

as an equivalent fuel, such as CH, CH2, CH3 or CH4. The ratio C/H of the fuel

can be considered as a way of selecting the equivalent fuel type but this method

is still debatable [97]. The sensitivity of the NO concentration to the equiva-

lent fuels, as well as the missing the reburn fuels for both the air and oxyfuel

conditions are investigated in this section. The grey WSGG model and constant

values are employed to describe the radiative properties of the gas and particles,

respectively.
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Figure 5.18: The NO distributions of the air-fired condition (left) and the Oxy-27
condition (right) for different equivalent fuels, (a) CH, (b) CH2, (c) CH3, and (d)
CH4.

The results for the concentration of NO with the different equivalent fuels em-

ployed are shown in Figs. 5.18 to 5.21. The results show that the concentration of

NO is significantly sensitive to the equivalent fuel employed. The CH4 equivalent

fuel shows the best agreement with the experimental data for both the air and

oxyfuel conditions, being about 10% and 5% higher compared to the experimen-

tal data for the air and oxyfuel condition, respectively. The CH3 appears to fail

to predict the concentration of NO for both the air and oxyfuel conditions and
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Figure 5.19: Radial NO distribution at 75 mm, 200 mm and 575 mm from the
burner exit for different equivalent fuels for (a-c) the air-fired condition and (d-f)
the oxy-fired conditions.

the NO prediction result using the CH3 is close to that of the no-reburn case,

which significantly overpredicts the NO results compared to experimental data,

being about 43% for the air and 75% for the oxyfuel conditions. The CH, CH2

show considerably under predicted result for the air case, however, they are in

good agreement with the experimental data in the oxyfuel condition. It has been

found that the CH4 can be selected as the best equivalent fuel for the partial

equilibrium approach [321] in this study.
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Figure 5.20: Axial NO distribution along the furnace for (a) the air-fired condi-
tion, and (b) the oxy-fired conditions.
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Figure 5.21: The average NO concentration at the exit section of the furnace (a)
the air-fired condition, and (b) the oxy-fired conditions.

5.4.2 Effect of the radiative properties on the NOx emission

The effect of the simplified models to the radiation of the gas and particles,

the grey WSGG for the radiation of the gas and the constant models for the

properties of the particles, and the more exact solutions, the NGWSGG model for

the radiation of the gas and the Mie theory the particle radiative properties, on the

NO emission are investigated in this section. The modelling results are compared

against the experimental measurements for the in-flame NO concentrations, which

were obtained under the air-fired and oxy-fired conditions.

The radial and axial profiles of the NO concentration from the measurement
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and CFD modelling for both the air- and oxy-fired conditions are shown in

Figs. 5.22 and 5.23, respectively. Experimental data for the cases investigated

in this study show that the NO concentration in the region close to the burner

in the air case is significantly higher than that in the oxy-fired conditions. Under

the oxy-fired conditions, the NO concentration at the burner exit, Fig. 5.24, de-

creases by about 25% for the Oxy-27 and 30% for Oxy-30 cases compared to that

of the air case. This is because of the combustion in this study using once-through

O2/CO2 mixtures, without a recycled flue gas, and the lower NO under the oxy-

fuel conditions can be explained by the missing nitrogen and the enhancing of

the heterogeneous reburning because of the higher CO concentration [32].
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Figure 5.22: Radial NO distribution at 75 mm, 200 mm and 575 mm from the
burner exit for (a-c) the air-fired condition and (d-f) the oxy-fired conditions.

The CFD results presented in Figs. 5.22 and 5.23 show a comparison of the

predicted NO concentrations under two cases with different radiation properties

for the gas and particles, namely, the grey gas coupled with the constant particle
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property (GWSGG-Const) and the non-grey gas coupled with the Mie theory

(NGWSGG-Mie) for the air-fired and the oxy-fired conditions. Both sets of re-

sults show a similar trend and a reasonable agreement with the experimental

measurements, except in the inner recirculation zone close to the burner. In this

region, the NO distribution under the NGWSGG-Mie case shows a better trend

compared to that of the GWSGG-Const case, with a significantly higher NO con-

centration. This can be due to the higher temperature in the NGWSGG-Mie case

subsequent to the other changes in the combustion behaviour in this region, for

example the lower volatile concentration as shown in Fig. 5.25. Results from the

experiment and simulation, Fig. 5.24, show the same trend and the NO concentra-

tion at the exit section of the furnace of the air-fuel condition is higher than that

of the oxy-conditions. Under the air conditions, Fig. 5.24(a), the NGWSGG-Mie

case results in a significant increase in the exit NO concentration, with a 21%

increase compared with the experimental measurement, while the disagreement

is only 9.7% for the GWSGG-Const case. These differences are much lower under

the oxyfuel conditions as shown in Fig. 5.24(b). However, there is a larger differ-

ence in the NO concentration between the NGWSGG-Mie case compared to the

GWSGG-Const under the air-fired condition compared to those under the oxy-

fired conditions. This can be explained by the NO formation from the thermal

mechanism, and this is almost eliminated under the oxy-fired conditions.
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oxy-fired conditions.
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Coal emissivity Small scale Large scale

Exp WSGG-C NGWSGG-C NGWSGG-Mie Error Exp.
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Figure 5.24: The average NO concentration at the exit section of the furnace for
(a) the air-fired condition, and (b) the oxy-fired conditions.
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Figure 5.25: The radial oxy and volatile distributions at 75 mm and 200 mm from
the burner exit for (a, b) the air-fired condition, and (c, d) the oxy-27 condition
compared to the experimental data [265].

5.5 Summary and conclusions

This chapter has focused on the radiative properties of the particles for both air-

and oxy-fired coal combustion conditions, and the impact of modelling these prop-

erties on the calculated predictions of the NO pollutants on the pilot-scale facility.

Different spectral databases and approximation models that were investigated in
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Chapters 3 and 4 are employed to investigate the radiative heat transfer and the

effects of the radiative models on the NO predictions on the 250 kW combustion.

The main conclusions and findings of this chapter are listed as follows:

The sensitivity of the radiative heat transfer to the number of diameters have

been investigated. The results show that for the case with the radiative prop-

erties of the particles being constant, the number of diameters employed for the

Rosin-Rammler distribution has a significant impact on the prediction results of

the incident wall heat flux. However, the gas temperature profile in this case is

less sensitive to the resolution of the particle distribution. In the case when the

particle properties are described by the Mie theory, using the spectral database

of Goodwin and Mitchner [247], the influence of the number of diameters on the

temperature profile of the gas and the incident wall heat flux are almost elimi-

nated. This is because of the significantly lower absorption properties and the

high scattering properties of the particles. However, these effects can be signif-

icant when the radiative properties of the particles were described by spectral

databases, thus resulting in a significantly high absorption efficiency of the par-

ticles.

The UDFs have been developed to calculate the temperature of the particles,

coal and flyash, for the 250 kWth under both the air and oxyfuel conditions. The

results show that the particle temperature profile of the ash particles is close to

that of the gases. However, the temperature profile of the coal/char particles

fluctuates through the furnace and this shows a different behavior between the

air and oxyfuel conditions. The average temperature of the coal/char and the

fly ash is close to the fly ash temperature and this is because of the much lower

number of coal/char particles. The results highlight the behaviour of the particles

under the air and oxyfuel conditions. The effect of particles on the radiative heat

transfer, and also the effect of the air and oxyfuel conditions, on the behaviour of

the particles needs to be further studied, especially, the presence of the particles

in the burner region where there is a high concentration of the coal/char particles.

Different spectral databases for the particles have been employed to describe
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the radiative heat transfer of the 250 kW furnace under the air condition. Similar

to the results obtained in Section 4.3.2 for the small-scale furnace, the avail-

able spectral databases for the coal/char particles have only a small impact on

the temperature and the incident wall heat flux results. The temperature and

heat flux are somewhat sensitive to the spectral database of the ash while the

sensitivity of the spectral databases for coal for the radiative heat transfer on

the pilot-scale furnace are almost eliminated. However, the study was based on

currently available spectral databases and for a pilot-scale furnace. This will be

different for large scale furnaces, especially, the effect of the flyash, see Chapter 4.

The effect of radiation models employed to describe radiative properties of

both the gases and particles on the radiative heat transfer has been investigated.

The grey and non-grey gas property models, coupled with the different solutions

for the particle properties, are employed to describe the radiation heat transfer

and these results are compared with the experimental data. The radiative prop-

erties of the particles, that are described by the Mie theory, show a significant

improvement in the incident wall heat flux. However, the temperature is much

higher compared to the case of having constant properties for the particles in the

inner recirculation region where there is a higher coal/char particle concentration.

The effect of the radiation on the NO emissions has been investigated for the

pilot-scale furnace for both the air and oxyfuel conditions, with different radiation

models for the gases and particles that have been employed. The non-grey WSGG

coupled with the Mie theory results in a considerable improvement in the NO

prediction in the burner region which contains a high particle concentration of the

coal/char particles, compared to those from the simplified models for the gases

and the particles. However, these models show an over prediction in the NO

concentrations at the exit section of the furnace, especially for the air-fuel case.

The NOx predictions can vary by as much as 10%, depending on the choice of the

radiation model. This is due to the sensitivity of the thermal NOx mechanism,

although this is somewhat reduced when considering the oxy-fired conditions.
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6 Conclusions and future work

The work presented in this thesis has focused on the radiation simulations for the

air and oxyfuel combustions using computational fluid dynamics. The two main

objectives of this study are as follows:

- Investigation of the gas and particle radiation in small and large-scale pul-

verised coal combustion furnaces under air and oxyfuel conditions.

- Effects of the gas and particle models on the radiative heat transfer, as well

as the NO pollutants in the 250 kW pilot-scale facility.

The first point of the objectives was addressed in Chapters 3 and 4 and the

second point was investigated in Chapter 5. The results from this study are

summarised through the main conclusions in Section 6.1, and suggestions for

further studies are proposed in Section 6.2.

6.1 Conclusions

A range of global radiation models for the gaseous radiative properties and a range

of particle radiative properties have been investigated through several theoretical

test cases and against measurement data within a pilot scale furnace. The main

conclusions in the study are summarised as follows:

The non-grey property of the particles, which is calculated based on the

wavelength-dependent optical constants, should be employed for calculating the

radiative properties of the particles. There is a large discrepancy between the

radiative property results, which were calculated from the different databases for

the wavelength-dependent optical constants. However, the radiative heat transfer

appears to be less sensitive to the spectral databases and this depends on the scale
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of the furnaces employed. For the small scale boiler furnace, the heat transfer

results are much more sensitive to the spectral databases of the coal compared

to the ash. In contrast, the radiative heat transfer results show a sensitivity

to the ash for large-scale boiler furnaces and a less sensitivity to the coal data.

Therefore, the choice of the databases for the CFD calculations of the radiative

properties of the ash, which is considered to have a significant influence on the ra-

diative heat transfer in large-scale furnaces, needs to be considered carefully, such

as the composition, temperature of the ash and the accuracy of the measurement

method.

Employing approximate solutions for calculating the radiative properties of

the particles, coal and ash, can reduce the computational time compared to that

of the Mie theory. However, applying these solutions can give significant errors

when these approximations employ the wavelength-dependent optical constants

in the calculations. In terms of the non-grey approximations, the Kim and Loir

approximation [259] for the coal and the anomalous approximation [271] for the

ash can be used for CFD modelling. However, these solutions can give consider-

able errors that depend on the scale of the furnace, such as the small-scale furnace

for the coal and the large-scale furnace for the ash. In terms of the grey-properties

approximations, which are developed using a specific spectral database, may give

a large error when they are applied for different spectral databases compared to

that of the Mie theory.

The NGWSGG and the SLW models have been validated in the 1D and 3D

cases for both the air and oxyfuel conditions. It is demonstrated that the SLW

model shows very good agreement with the benchmark, while the NGWSGG

model is in reasonable agreement with the benchmark. However, the number of

gases required for this model to reach good accuracy may result in a significant

computational cost in comparison to the use of the NGWSGG model. Further,

the implementation of the SLW model is more complex compared to that of the

NGWSGG model. Furthermore, the results obtained in Chapter 4 have shown

that particle radiation dominates the total radiation of a mixture of the gas and
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the particles. Therefore, the NGWSGG model is recommended for the CFD

modelling of a practical combustion furnace.

Results from Chapters 3 and 4, for the presence of gas only, show that the

oxyfuel environment can increase the emission of combustion products, which

can increase the total wall heat flux. However, this environment can increase the

optical pathlength, which decreases the incident heat flux to the wall. Therefore,

the heat flux to the wall can increase or decrease depending on the temperature

profile. In a combustion furnace, with a high temperature of the gas close to the

wall, the effect of the optical thickness is likely to be small. Therefore, the heat

flux under the oxyfuel conditions can be higher than that under the air condition.

However, when having the presence of particles, it has been found that there is

not much difference between the results obtained for the radiative heat fluxes

under the air and oxyfuel conditions. This demonstrates the dominant effect of

the particles to the radiative heat transfer compared to that of the gas. It should

be noted that this will be different for a real furnace, where the oxyfuel condition

will change the temperature of the furnace and the concentration of the coal/char

particles.

The Planck and constant radiative properties of the particles, which have been

widely used in CFD modelling, has been evaluated for both small and large-scale

furnaces. It has been found that the effect of the particles on the radiative heat

transfer depends on the scale of the furnace, with a higher sensitivity under the

small-scale furnace being found. The NGWSGG model for the gas, coupled with

the Planck mean properties for the particles, can produce good results in compar-

ison to the benchmark under a large-scale furnace. However, a significant error

occurs when applied to a small-scale furnace. In terms of the constant properties

of the particles, the total surface heat flux increases with increasing the absorp-

tion coefficient of the particles in the small-scale furnace while it decreases in the

large-scale furnace and the absorption coefficient of about 0.9 is recommended

for CFD modelling for both small and large-scale furnaces.
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The sensitivity of the radiative heat transfer to the coal/char particle con-

centration are investigated in Chapter 4 for different scales of the furnace. The

results show that the radiative heat flux is significantly sensitive to the coal/char

particle concentration for a small-scale furnace. For the 250 kW combustion,

the number of diameters in the Rosin-Rammler distribution, which affects the

particle concentration, has a considerable impact on the prediction results of the

radiative heat transfer. This is more pronounced for the incident wall heat flux for

the case when the constant values of the radiative properties of the particles are

employed. However, this influence on the temperature and the incident wall heat

flux can be different for the Mie theory calculation, depending on the spectral

databases employed.

The NGWSGG, coupled with the Mie theory, results in a considerable im-

provement in the NO prediction in the burner region where there is a high particle

concentration of the coal/char particles, compared to those from the simplified

models for the gases and the particles. However, these models show an over pre-

diction in the NO concentrations at the exit section of the furnace, especially for

the air-fuel case. The NOx predictions can vary by as much as 10%, depending on

the choice of the radiation model, and this is due to the sensitivity of the thermal

NOx mechanism, although this is somewhat reduced when considering oxy-fired

conditions.

Overall, radiation heat transfer plays an important role in pulverised coal

combustion, influencing the overall combustion efficiency, pollutant formation

and flame ignition and propagation. An accuracy in calculation of the radiative

heat transfer is considered to be a priority for the retrofitting of existing units

to oxyfuel combustion. The results obtained from this study clearly show that

particle radiation in pulverised coal combustion is dominant compared to that of

the gas. The sensitivity of the radiative heat transfer to the particle properties

and solutions employed to calculate the radiative properties of the particles have

been investigated for both small and large-scale furnaces. The results obtained

from this study can be employed in CFD calculations for the improvement and
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design of air and oxyfuel pulverised coal combustion.

6.2 Future work

Different available spectral databases for the coal and ash have been employed to

study the sensitivity of the radiative properties of the particles to the radiative

heat transfer. Although many investigations have been performed for the mea-

surements of the optical properties of the coal and ash particles, the number of

measurements for the coal and fly ash appear to be not enough to be confident

for applying in the modelling of a specific type of coal in combustion. This is

because there are still large difference in the reported experimental measurements

until now. Therefore, an accurate measurement and a wide range of coal/char

and fly ash particles employed for measuring can assist in the reduction of the

sensitivity of the radiative properties of the particles in the calculations of the

radiative heat transfer.

The temperature of the coal/char and fly ash were investigated in the CFD

modelling and presented in Chapter 5 for the pilot-scale facility under the air and

oxyfuel conditions. The results show that the temperature of the coal/char are

lower than that of the gas in the regions closed to the centreline of the furnace.

Those results show the same trend with the measurement results for a 77 kWth

furnace [349]. However, these results appear to be different in comparison to some

other measurements [117, 347]. In CFD modelling, different temperature profiles

for the coal/char particles has been assumed in studies [326, 327, 350]. The results

presented in Chapter 4 show that the temperature of the coal/char particles has

a significant effect to the total wall heat flux under the small-scale furnaces.

Therefore, it is important to have further modelling and experimental studies

on the particle parameters, such as the profile, concentration and temperature

of the coal/char particles, for different types of furnaces under air and oxyfuel

conditions.

The effects of the particles on the radiative heat transfer for the small and

large-scale furnaces have been investigated in Chapter 4. The study only fo-
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cused on the radiative heat transfer so this study is separated from the other

sub-models, such as the turbulence and combustion models. Therefore, it is im-

portant to investigate the radiation, including the effect of these sub-models,

which significantly influences the gas and particle distributions, and the temper-

ature profiles. The investigation of the radiative heat transfer for a real furnace

has been performed in Chapter 5 for pilot-scale furnace. Therefore, a further

study needs to be performed for a large-scale furnace which has been shown com-

plex behaviour of the heat transfer to the radiative properties of the particles

by the influence of the optical pathlength. It would also important to consider

simultaneously the effects of other accurate sub-models, such as the turbulence

and chemical reaction models, when investigating the radiative heat transfer.

The anisotropic scattering phase function in this study was simplified to an

isotropic scattering one with the scale of the scattering efficiency by asymme-

try factor as mentioned in Section 5.2. This solution has been determined to

be appropriate for pulverised coal combustion modelling [208, 338], which has a

highly forward scattering medium, and can assist in the reduction of the com-

putational time. However, the accuracy of the scattering phase function that

has been applied in this study needs to be evaluated at different scales of the

combustion furnaces. Furthermore, there are different approximations for the

anisotropic scattering phase function and there are still different discussions on

the effect of these approximations. Therefore, further studies need to focus on

the evaluation of the different approximations for the scattering phase function

in a 3D combustion environment as being defined in this thesis.

In this study, the influence of the radiation properties of the particles, as well

as the gas property models, on the prediction of the formation of NOx pollutants

have been investigated. The study in Chapter 5 has found that the main sensi-

tivity of the radiation models to the NOx concentration occur in the flame region,

where there is a high concentration of particles and the change in the temperature

profile in the flame region results in other changes in the combustion behaviour

in this region, for example the lower volatile concentration. One of the more
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important future extensions of the work should include the other effects of the

radiation on the behaviour of the coal particles, such as the effect of the radiation

models on the ignition, and the burnout under both air and oxyfuel conditions.

Accurate radiation modelling needs to consider both gaseous phase and partic-

ulate participation in the radiative mechanism. The increase in the concentration

of participating species under the oxyfuel combustion, namely CO2 and H2O, has

been received a special attention over the past decades. Results from this study

show that the particles radiation is dominance to the total radiative heat transfer

compared to that of the gases in pulverised coal combustion. The effect of the

gases composition to the total heat flux under the oxyfuel condition appears to

be slightly different compared to that under the air condition when there is the

presence of the particles. Therefore, more attention needs to be focused on the

effect of particles on the radiative heat transfer under the oxyfuel condition.
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