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Abstract

Coal ignition and combustion under conventional and oxy-fuel conditions are
numerically investigated to understand the interactions between chemical and
transport processes and to support model development.

Char burnout of coal particles is studied in highly resolved numerical simula-
tions including a detailed description of the particle surface and the gas phase
chemistry. At the solid-gas interface, heat and mass fluxes due to surface
reactions involving carbon oxidation and gasification are considered. The
model is validated with experimental results for char burnout in a flat flame
burner. A comprehensive set of fully resolved reactive 2-D simulations has
been performed by varying particle size, relative velocity, diluent, and oxygen
composition in the surrounding gas. The simulation results are discussed
regarding the CO2 and N2 content of the atmosphere highlighting the effects
of oxy-fuel combustion. Increasing particle Reynolds number reduces gas
temperature and results in a faster oxygen supply, which consequently yields
a higher particle burning rate up to the point where the resulting temperature
reduction leads to a lower burning rate. Combustion reduces the drag force
of the reacting particle and thus a modified drag coefficient as a function of
the dimensionless Stefan flow velocity is provided.

In addition, ignition of coal particles is studied by using a fully coupled Euler-
Lagrange approach. Devolatilization of coal particles is modeled with the
chemical percolation devolatilization (CPD) method coupled with a detailed
gas chemistry. Numerical simulations showed that an increase of ignition
delay time in oxy-atmosphere compared to the air case is related to the
depletion of radicals that react with the abundant CO2 of the oxy-atmosphere.
Considering different particle streams showed that an increase in particle
number density delays the onset of ignition and forms a more continuous and
narrower flame front. Particle heating and ignition induce velocity variations
in the gas phase. In the denser stream, velocity variations become significant
and compromise the validity of a constant velocity assumption that is usually
made in computing ignition delay time from the observed ignition location.
It is also found that high particle slip velocities lead to a locally low volatile
concentration and low temperature, which consequently increase ignition delay
time.
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Zusammenfassung

In dieser Arbeit werden die Zünd- und Verbrennungsprozesse von Kohlenstaub
unter konventionellen und Oxyfuel-Bedingungen numerisch untersucht, um die
Wechselwirkungen zwischen chemischen Reaktionen und Transportprozessen
zu verstehen und damit die Modellentwicklung zu unterstützen.

Die Verbrennung einzelner Kohlepartikel wird in hochauflösenden numerischen
Simulationen abgebildet, welche eine detaillierte Beschreibung der Partikel-
oberflächen und der Gasphasenchemie beinhalten. Das Modell wird mit
experimentellen Ergebnissen für den Kohleausbrand in einem Flachflammen-
brenner validiert. Ein umfassender Satz von vollständig aufgelösten reaktiven
2-D Simulationen wurde durch die Variation der Partikelgröße, der Rela-
tivgeschwindigkeit, des Verdünnungsmittels und der Sauerstoffzusammenset-
zung im umgebenden Gas durchgeführt. Die Simulationsergebnisse werden
im Hinblick auf den CO2- und N2-Gehalt der Atmosphäre diskutiert. Eine
zunehmende Partikel-Reynoldszahl reduziert die Gastemperatur und führt
zu einer schnelleren Sauerstoffbereitstellung, woraus anfänglich eine höhere
Partikelverbrennungsrate resultiert. An dem Punkt, an dem der Temper-
atursenkungseffekt überwiegt, nimmt die Partikelverbrennungsrate wieder
ab. Es wird auch festgestellt, dass die Verbrennung die Widerstandskraft des
reagierenden Teilchens reduziert. Ein modifizierter Widerstandsbeiwert wird
in Abhängigkeit von der Stefan-Strömungsgeschwindigkeit bereitgestellt.

Darüber hinaus wird die Zündung von Kohlepartikeln mit einem vollständig
gekoppelten Euler-Lagrange-Ansatz untersucht. Die Gasifizierung der Kohlepar-
tikel wird mit der Chemical Percolation Devolatilization Methode (CPD) in
Verbindung mit detaillierter Gasphasenchemie modelliert. Numerische Simu-
lationen zeigten, dass eine in der Oxy-Atmosphäre vorliegende Verlängerung
der Zündverzugszeit mit einem Verbrauch von Radikalen zusammenhängt.
Der Verbrauch von Radikalen ist auf Reaktionen der Radikale mit dem CO2
der Oxy-Atmosphäre zurückzuführen. Die Betrachtung verschiedener Par-
tikelströme zeigt, dass eine zunehmende Partikelanzahldichte den Zündbeginn
verzögert und eine kontinuierlichere und schmalere Flammenfront bildet. Es
wird auch festgestellt, dass hohe Partikelschlupfgeschwindigkeiten zu einer
lokal niedrigen Konzentration der Devolatisierungsprodukte und niedrigen
Temperatur führen und somit die Zündverzugszeit erhöhen.
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1 Introduction

Increasing carbon dioxide (CO2) emissions in the atmosphere and its relation
to global warming have become a great concern for the future of life on
earth. Fossil-fuel-fired power plants, especially those burning coal, are among
the main CO2 emitters. Although the use of renewable energy sources is
continuously growing, in the foreseeable future, fossil fuels are still the major
energy source due to their abundance and low price. Among fossil fuels, coal
is one of the cheapest and the most available fuel. To reduce CO2 emissions
from coal fired power plants, carbon capture and storage (CCS) techniques
can be applied. Oxy-fuel combustion is one of the most promising approaches
for CCS to sequestrate and reduce CO2 emissions from coal combustion.

In oxy-fuel combustion, coal burns with oxygen instead of air. The CO2 can
then be captured in purer form from the flue gas. To achieve reasonable com-
bustion temperatures, the CO2 is typically partially recirculated and mixed
with the combustion oxygen. Oxy-fired furnaces, therefore, operate in a CO2
environment, which has different properties than the more conventional N2
environment [1]. Table 1.1 compares some of gas properties of N2 and CO2.
A higher proportion of carbon dioxide than nitrogen in the oxidizer gas leads
to different thermal properties, heat transfer, and therefore, combustion in
other temperature ranges. In addition, due to the reactivity of the CO2, the
surface reactions of the coal particles in the oxy-fuel atmosphere can become
significantly different from conventional coal combustion. As a result, design-
ing an optimized coal fired furnace under oxy-fuel condition requires further
investigation and the understanding of the underlying physical processes. A

Property N2 CO2 Ratio CO2/N2

Thermal conductivity [10−3 W/(m K)] 74.67 81.69 1.09
Molar heat capacity [kJ/(kmol K)] 33.6 56.1 1.67

Density [kg/m3] 0.29 0.45 1.55
Oxygen diffusion [10−4 m2/s] 3.07 2.37 0.77
Molecular weight [kg/kmol] 28 44 1.57

Table 1.1: Gas properties for N2 and CO2 at 1173 K [1].
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1 Introduction

comprehensive review of several experimental and numerical studies that have
been made to investigate oxy-fuel combustion of pulverized coal can be found
in Chen et al. [2]. In developing oxy-fuel technology, computational modeling
of coal combustion under oxy-fuel condition is indispensable and becomes the
main focus of the current study.

Modeling of coal combustion is challenging due to the multi-phase and the
multi-scale nature of the problem. Figure 1.1 schematically shows the rele-
vant scales in a coal fired burner. While an industrialized coal burner has
dimensions of a few meters, it contains millions of the pulverized coal particles
with diameters in the range of a few micrometers. Besides being multi-phase
and multi-scale, coal combustion happens through complex processes such
as devolatilization and char burnout. Coal particles undergo devolatilization
when heat transfer from the hot gas phase causes thermal decomposition and
results in the release of volatile gases from particles to the surrounding gas
phase. The released volatile gases diffuse into the surrounding gas phase,

Figure 1.1: Schematic view of relevant scales in the coal combustion.
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undergo homogeneous reactions, and form a volatile flame. At the end of the
devolatilization phase, when the volatile flame extinguishes, oxygen can access
the particle surface and char burnout begins. Char refers to the remained
matter from coal particle after devolatilization, and it mainly contains carbon.
Char burnout involves heterogenous reactions at the surface of the particles.
Both devolatilization and char burnout processes involve mass, momentum,
and energy transfer between particles and the surrounding gas. So far, there
were many theoretical and numerical works on the individual phenomena
of the coal combustion. However, complex interactions between individual
phenomena, such as interactions between particle dynamics and combustion,
which are very important for predictive simulations have not been investigated
in detail and therefore, become the main objective of the current study.

Mass, momentum, and energy transfers between a coal particle and its sur-
rounding gas can be either particle-resolved or modeled by an Euler-Lagrange
approach as shown schematically in Fig. 1.2. In the particle-resolved approach,
the particle-gas interface and the boundary layer are chemically and spatially
resolved. The particle-resolved approach requires computational cells with a
size Δx much smaller than the particle diameter Dp. In the Euler-Lagrange
approach, particles are tracked as Lagrangian points and the exchange of
the mass, momentum, and energy between the gas phase and particles cor-
respond to source terms in the conservation equations. The Euler-Lagrange
models are typically used for practical applications on the large scale. In
the Euler-Lagrange approach, computational cells are allowed to be much
bigger than the particle diameter. In the current study, the particle-resolved
approach is employed to investigate char burnout in the second chapter, while
devolatilization and ignition of coal particles are modeled applying the Euler-
Lagrange approach in the third chapter. The results in the second chapter

����������

����� ��	
�

�����

��

Particle resolved approach Euler-Lagrange approach

Figure 1.2: Schematics of the particle-resolved and Euler-Lagrange approaches.
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1 Introduction

of the current thesis have been published by Farazi et al. [3] and Farazi et
al. [4], while the results in the third chapter of the current thesis have been
published by Farazi et al. [5] and Farazi et al. [6].

In the second chapter, results from numerical simulations are discussed that
were performed to investigate combustion of char particles considering both
air and oxy-fuel atmospheres. Char possesses a porous structure and its main
compound is carbon. Resolved simulations of char particle combustion have
been used to understand the interaction of chemical and transport processes
and develop accurate models for application in large scale simulations using
the point particle assumption. Several resolved simulations of char particle
combustion have been described in the literature.

Maffei et al. [7] studied coal particle temperature and burnout time during
combustion in air and oxy-fuel atmospheres by performing experiments and
numerical simulation. Hecht et al. [8, 9] simulated quiescent char combustion
in N2 and CO2 diluents using a 1-D steady state model in SKIPPY (Surface
Kinetics in Porous Particles). SKIPPY solves mass, momentum, and energy
conservation for a reacting porous spherical particle and its reactive boundary
layer. They studied the impact of CO2 and steam gasification reactions on
coal char combustion under oxy-fuel condition varying the O2 concentration.
Applying the same model, Shaddix et al. [10] performed numerical assessment
of the CO2/CO production ratio correlation presented by Tognotti [11]. Fur-
thermore, Hecht et al. [12] quantified errors associated with the two simplified
common coal char combustion sub-models: the single film model originally
proposed by Nusselt [13] and the double film model proposed by Burke and
Schumann [14]. Their study was based on the 1-D steady state model, and
thus, did not capture the char combustion history or interactions between flow
and chemistry. Kestel et al. [15] and Richter et al. [16] performed steady 2-D
simulations of char particle combustion in the flow of air and oxy-atmosphere,
respectively. Richter et al. [16] compared 2-D simulations of spherical 200 μm
particles to measurements carried out by Bejarano and Levendis [17]. They
have investigated the influence of the relative Reynolds number, Rerel of the
char particle on its combustion behavior and observed that increasing Rerel
leads to higher carbon consumption rates. Although their model resolved the
particle boundary layer spatially, chemistry was described based on a global
mechanism. Furthermore, due to the steady state assumption in their model,
the evolution of char combustion was not considered. Cho et al. [18] have
successfully applied a 1-D model to study the evolution of liquid droplets and
carbon particle combustion. Based on this transient-resolved model, further
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investigations on char combustion characteristics have been performed in Lee
et al. [19, 20]. Furthermore, Lee et al. [21] extended this transient-resolved
model to a 2-D simulation and showed that finite Damköhler number effects
can only be evident when detailed transport and chemical kinetics are included.
Their study included char oxidation only in air atmosphere. In the current
study, a method similar to that of Lee et al. [21] is applied.

The applied method is validated by the temperature-diameter measurements
in the flat flame burner. Temperature-diameter measurements have a signifi-
cant advantage in particle combustion model development. There are at least
two different applications of the measured data. First, rate law parameters
for heterogeneous char consumption can be derived. This has been done for
oxy-fuel char combustion using reaction rate models with varying complexity,
e.g. in [22–24]. Second, such experimental data are useful for validation of the
modeling results [7, 23, 25–28]. Direct measurements of particle properties
(temperature, diameter, and even shape) have been subject of several studies
in the past. These studies were carried out in laminar flow reactors, which
provide well defined combustion atmospheres, representing air or oxy-fuel
conditions. The gas phase temperature in these systems is provided from a
gas flame, based on non-premixed (Hencken type, [22–24, 29–35]) or premixed
(McKenna type, [30, 36–38]) combustion, or heated reactor walls [7, 17, 39–43].
For temperature measurements, different approaches were used, non-imaging
techniques based on photomultipliers [7, 17, 22, 29–31, 33, 34, 39–43] as well
as imaging techniques [23, 24, 30, 32, 38]. The non-imaging techniques (based
on photomultipliers) derive (equivalent spherical) particle diameter from inten-
sities in different wavelength ranges [22, 29–31, 33, 34, 42, 43] or preselected
from previous sieve classifications of particle sizes [7, 17, 39–43]. The imaging
techniques derive particle diameter and additional 2-D projections [30] or 3-D
[44, 45] shape of burning char particles from the particle extension in the
image simultaneous to the temperature measurement.

Besides comparing air and oxy-atmosphere, the particle-resolved simulations
were applied to study the effect of the flow field on the particle combustion.
Therefore, particle-resolved simulations were performed at different parti-
cle Reynolds numbers to investigate the effect of the flow dynamics on the
temperature, oxygen concentration, and burning rate. In addition, particle-
resolved simulations were applied to investigate the combustion effect on the
flow dynamics. Differently from a non-reactive particle, the drag force on a
reactive particle depends on the Stefan flow caused by chemical reactions.
Therefore, two-dimensional particle-resolved simulations were carried out for

5



1 Introduction

both reactive and non-reactive char particles. The analysis of the simulation
results provides an updated drag model that considers the effect of char
oxidation.

In the third chapter, simulations using an Euler-Lagrange approach are pre-
sented that were performed to study coal devolatilization and ignition for
both single and group particle configurations. The ignition process of coal
particles significantly affects the flame stabilization and burner performance
under both air and oxy-atmosphere. The volatile flame evolution is computed
applying the chemical percolation devolatilization (CPD) model [46], coupled
with the finite rate chemistry for gas phase reactions. The numerical model is
validated against experimentally measured ignition delay time of coal particle
in the laminar entrained flow reactor [47].

It has been shown that the application of the CPD model reveals a double
peak in the time evolution of the release rate of volatile mass, mostly due to
the dynamics of tar [48, 49]. A double peak profile has also been observed
experimentally in the time evolution of species and temperature measure-
ments around burning coal [50–52]. The link between the double peak in
the devolatilization rate produced by the CPD model and the double peak
in the species measurement has not yet been investigated in detail. The
appearance of the double peak in the mass release from coal manifests two
phases in the devolatilization process. In the current study, the effects of the
presence of these two phases in the devolatilization process on the dynamics
of ignition for different particle sizes, gas temperature, and composition are
investigated. The differences of these mechanisms in air and oxy-atmosphere
are also assessed.

Switching from air to oxy-fuel combustion can have significant effects on
the ignition and combustion dynamics, due to the different chemical and
thermal properties of N2 and CO2. Several experimental [7, 17, 47, 53–56]
and numerical [57–60] studies indicate that replacing N2 by CO2 increases
ignition delay time and duration of devolatilization. Recently, Jimenez and
Gonzalo-Tirado [60] simulated coal particle devolatilization in air and oxy-
atmospheres. They explained the longer devolatilization period by the lower
peak temperatures observed in the oxy-atmosphere case, which resulted from
the combined effect of the chemical properties and the higher heat capacity
of CO2. However, the primary effect of CO2 on retarding the onset of igni-
tion remains unclear and has been a matter of debate. In the present work,
numerical simulations of coal particle ignition are performed using detailed
sub-models for the devolatilization process and the chemical reactions in the

6



gas phase. Single particle ignition is computed both in air and oxy-atmosphere
at various particle sizes and ambient temperatures. The results in air and oxy-
atmosphere are compared and the mechanisms responsible for the increased
ignition delay in oxy-atmosphere are investigated and assessed.

In addition to the properties of the coal particle and the gas phase, the inter-
actions between particles can significantly affect ignition and flame structure
inside a real furnace. Ignition delays and flame structure in particle group
configurations have been the subject of many experimental [37, 47, 61–69] and
numerical [59, 70–87] studies, where the latter considered both clouds/arrays
of suspended particles [70–75] and streams of moving particles [76–87].

Du et al. [71] modeled combustion of a cylindrical cloud of coal particles
suspended in a hot furnace. They found that at high furnace temperatures,
1000 − 1350 K, the dense coal stream is ignited by volatile ignition (homo-
geneous ignition), while the dilute coal stream undergoes carbon ignition
(heterogeneous ignition). At a furnace temperature of 1100 K, they showed
that by increasing particle number density (particle diameter of 64 μm) from
1 to 10 × 109 particles/m3, the ignition delay time first decreases until it
reaches a minimum and then increases. The number density of the minimum
ignition delay time is usually referred to as the critical particle group number.
This trend qualitatively agrees with the results from coal stream experiments
performed by Ruiz et al. [88]. In oxy-atmosphere, a similar trend for the
ignition delay time with respect to particle number density was observed by
Liu et al. [47]. They measured coal stream ignition in a laminar entrained
flow reactor and performed a parametric study of coal combustion in both
air and oxy-atmosphere by varying coal type, temperature of the coflow
(1200 − 1670 K), particle diameter (54 − 125 μm), O2 concentration in the
coflow (12 − 20 vol%), and coal feeding rates (0.005 − 1 g/min). Annamalai
and Ramalingam [70] computed the critical group number for a spherical cloud
of char particles and indicated that the group number in char combustion is
higher than the corresponding one in a droplet cloud. Wang et al. [72] and
Zhao et al. [73] simulated ignition and combustion of a spherical cloud of coal
particles surrounded by a hot gaseous mixture. They showed the existence of
two flame structures after ignition; the inner premixed flame moving towards
the coal cloud center and the outer diffusion flame moving away from the
cloud. Qiao [74] computed the flame propagation process and flame-speed
oscillation in a spherical cloud of moving char particles surrounded by air
atmosphere. In his model, ignition is initiated with an imposed hot spot in
the cloud. He observed a more significant slip velocity between particles and

7



1 Introduction

gas phase especially in the early flame propagation. Kiga et al. [63] measured
the flame propagation speed of a pulverized coal cloud in a microgravity
combustion chamber. They observed markedly lower flame propagation speed
in O2/CO2 compared with O2/N2. Tufano et al. [75] computed combustion
of particle arrays varying particle spacing. In their model, particles are fixed
in a laminar flow, and the interface between each particle and the gas phase is
spatially resolved. Depending on the distance between particles, they observed
different combustion regimes. Bai et al. [87] numerically studied a turbulent
coal jet flame in air atmosphere applying a two step chemistry model. They
identified three coal flame structures named interspersed, stripe, and stable
continuous flame. Rieth et al. [82] performed direct numerical simulation of a
three-dimensional turbulent mixing layer, between an air stream seeded by
coal particles and a stream of hot lean combustion products. They showed
that the initial ignition occurs at very lean conditions around particles en-
trained in the hot gas region. They observed both non-premixed and premixed
modes during volatile combustion and identified two distinguished flames, one
burning into the carrier air and the other one propagating towards hot lean
products.

In the aforementioned numerical/experimental studies, ignition delay time is
influenced by the combined effect of particle/particle interactions in the cloud
together with the mixing between the particle cloud and the surrounding
coflow gas. In the current study, the effect of mixing with the surrounding
ambient gas is eliminated. Extending the study of the single particle ignition,
in the particle group configuration, particles are introduced with a single hot
stream and without coflow to assess the impact of particle/particle interactions
on the coal particle ignition and combustion under oxy-atmosphere condition.

8



2 Char particle combustion with a particle
resolved approach

In this chapter, particle resolved simulations of the char combustion in both
air and oxy-atmospheres are presented and discussed. Simulation methods
including the governing equations and the numerical approaches are described.
Simulation results for both atmospheres are validated with the experimental
measurements of the char burnout in the flat flame burner. The reasons
behind the different char combustion behavior in air and oxy-atmosphere
are discussed. The relative Reynolds number Rerel is varied in the expected
Rerel interval for pulverized char particles in a swirl burner. Differences
between cases with the same Rerel, but various particle sizes and relative
velocities are analyzed. The same set of simulations was performed for various
oxygen concentrations (24%, 30%, and 36%). These simulations determine
the influence of the gas flow on the rate of the carbon consumption and the
heat release. In addition, the influence of the particle combustion on the flow
dynamics are discussed and an updated drag model considering the Stefan
velocity effect on the drag coefficient in terms of a correlation function is
presented.

2.1 Models and numerical methods

In the current study, combustion of a single particle in a laminar flow reactor
is investigated. Figure 2.1 shows a schematic view of the single particle located
at 60 mm height of the burner. Combustion of the particle with diameter
Dp is computed in a rectangular numerical domain, [x−

1 , x+
1 ] × [x−

2 , x+
2 ] =

[−50Dp, 100Dp] × [−50Dp, 50Dp] (see Fig. 2.1). The computational domain
origin is set to the center of the particle. The computational domain was
chosen large enough so that the particle combustion is not influenced by
the domain boundaries. The particle is assumed to have fixed diameter and
location. A mixture of gaseous species with a relative velocity with respect to
the particle, U 0

1 , enters the domain through the inlet at x−
1 and leaves the

domain at x+
1 . To model solid particle combustion with surrounding gas flow,

the conservation equations were solved in the solution domain consisting of
gas, solid, and the interface between them.
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2 Char particle combustion with a particle resolved approach
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Figure 2.1: Magnified view of a particle with diameter Dp and computational
domain located in a laminar flow reactor [23]. A part of the computational grid
(in blue color for gas and in red for solid phase) is magnified schematically, to
demonstrate the solid-gas interface (in green color) and the corresponding fluxes
and source terms of species, mass, and energy.

2.1.1 Gas phase

Conservation of mass, species, momentum, and energy in the gas phase within
the low-Mach formulation leads to the governing equations as [89]

∂ρg

∂t
+ ∂

∂xβ
(ρgUβ) = 0 , (2.1)

∂ρgYi

∂t
+ ∂

∂xβ
(ρg(Uβ + Vβ,i)Yi) = Ṁi , (2.2)

10



2.1 Models and numerical methods

∂ρgUα

∂t
+ ∂

∂xβ
(ρgUαUβ) = − ∂Π

∂xα
+ ∂ταβ

∂xβ
, (2.3)

ρgcp,g
∂Tg

∂t
+ ρgcp,g

∂(UβTg)
∂xβ

= ∂

∂xβ

(
λg

∂Tg

∂xβ

)

− ρg
∂Tg

∂xβ

n∑
i

cp,iYiVβ,i + Q̇ , (2.4)

where ρg is the density of the gas phase, Uβ the bulk velocity in β direction,
Π the pressure, ταβ the viscous stress tensor, Tg the temperature, λg the
thermal conductivity, n the number of gaseous species, cp,g the specific heat of
the mixture at constant pressure, and Q̇ the heat released from the chemical
reactions in the gas phase. Within the low-Mach formulation, Π becomes a
projection to enforce mass conservation through the Poisson equation. For
the ith gas phase species, Yi is its mass fraction, Vβ,i the diffusion velocity in
β direction and Ṁi the mass production or consumption rate by homogeneous
chemical reactions. Vβ,i in Eqs. (2.2) and (2.4) is calculated from the Curtiss-
Hirschfelder approximation as

Vβ,i = − 1
Yi

di
Wi

W

∂Xi

∂xβ
+ V c

β (2.5)

with

V c
β =

n∑
i=1

di
Wi

W

∂Xi

∂xβ
. (2.6)

di, Wi, and Xi denote the diffusion coefficient, the molar mass, and the molar
fraction of the ith species, respectively. W is the molar mass of the gaseous
mixture. Assuming unity Lewis number, species diffusion coefficients are
calculated from the thermal diffusion coefficient. In Eqs. (2.5) and (2.6), V c

β

indicates the correction velocity to enforce mass conservation. Based on the
Newtonian fluid assumption with Stokes hypothesis, viscous stresses can be
computed as

ταβ = μg

[(
∂Uα

∂xβ
+ ∂Uβ

∂xα

)
− 2

3
∂Uγ

∂xγ
δαβ

]
, (2.7)

where μg is the dynamic viscosity of the gaseous mixture and δαβ the Kronecker
delta function. The heat released from the homogeneous reactions in the gas

11



2 Char particle combustion with a particle resolved approach

phase, is calculated as

Q̇ = −
n∑
i

hiṀi , (2.8)

where hi is the enthalpy of the ith species.

The ideal gas equation of state is used to close the system of equations.
Transport coefficients, reaction rates, and thermodynamic relations of the
mixture are obtained from the mechanism developed by Blanquart et al. [90]
and extended by Cai and Pitsch [91]. The H2 − CO part of this mechanism
is applied which contains 14 species and 78 reactions.

2.1.2 Solid phase

Mass and species transport is neglected within the solid phase. Thus, for the
solid phase, only the energy equation has to be solved given by

ρscp,s
∂Ts

∂t
= ∂

∂xβ

(
λs

∂Ts

∂xβ

)
. (2.9)

Here, Ts, λs , ρs, and cp,s are temperature, thermal conductivity, density,
and specific heat at constant pressure of the solid phase, respectively. Char
particle density mainly depends on the volatile content in the raw coal and the
oxygen composition in the surrounding gas [92]. For coal of similar volatile
content to the Colombian bituminous, Moloney et al. [93] reported a density
of 560±150 kg/m3. The Colombian bituminous char considered in the current
study is assumed to have ρs = 560 kg/m3. The value of the specific heat
cp,s = 2000 J/(kg K) is taken from Murphy and Shaddix [22]. They applied
this value of cp,s for the chars from both Highvale and US eastern bituminous
coals. Zhang and Bar-Ziv [94] measured carbon particle thermal conductivity
and showed that λs varies from 0.4 W/(mK) at 400 K to 1.3 W/(mK) at
1100 K. For applications within the temperature range from 1690 to 3000 K
investigated in Hecht et al. [12], λs = 1.33 W/(mK) has been chosen. This
value has been applied by Shaddix et al. [10] as well. Therefore, for the
temperature range in the current study from 1500-2300 K, a value for the
thermal conductivity of λs = 1.33 W/(mK) is used.

2.1.3 Solid-gas interface

At the solid-gas interface, ∂Ωp, species, mass, and energy source terms, ṁi,
ṁ, and ė exist (see Fig. 2.1). The exchange of species, mass, and energy
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2.1 Models and numerical methods

between the interface and the gaseous region next to the interface (Ωg|p) is
realized with the corresponding fluxes, FYi |g, Fm|g, and Fe|g, respectively
(see Fig. 2.1). With the assumption that there is no mass transport inside the
particle, only the energy flux, Fe|s is present towards the solid phase. The
balance between species, mass, and energy source terms and corresponding
fluxes to both gas phase and solid yield the interface equations for species,
mass, and energy as [20]

ρgUβYinβ︸ ︷︷ ︸
convection

+ ρgVβ,iYinβ︸ ︷︷ ︸
diffusion

= ṁi , (2.10)

ρgUβnβ = ṁ , (2.11)

λs
∂T

∂xβ

∣∣∣
s
nβ︸ ︷︷ ︸

conductions

− λg
∂T

∂xβ

∣∣∣
g
nβ︸ ︷︷ ︸

conductiong

+ T
n∑
i

cp,iṁi︸ ︷︷ ︸
advection

= ė . (2.12)

ṁi is calculated based on the production or consumption rate of the ith gas
phase species due to the heterogeneous reactions at the interface. In Eq. (2.11),
ṁ is equal to the carbon consumption rate, ṁC, computed as

ṁC =
n∑
i

ṁi , (2.13)

which is defined to be positive for a flux into the gas phase. With a known ṁ,
the so-called Stefan flow velocity, Uβ , can be computed, which has the same
direction as the unit normal vector of the interface surface towards the gas
phase, nβ . In Eq. (2.12), the energy source term, ė, is calculated as

ė = −
n∑
i

hiṁi︸ ︷︷ ︸
surface reactions

−εσ(T 4 − T 4
w)︸ ︷︷ ︸

radiation

, (2.14)

where Tw is the wall temperature, ε the emissivity coefficient, and σ the Stefan-
Boltzmann constant. Production and consumption rates of each species due
to the heterogeneous reactions at the interface are computed using a chemical
mechanism taken from Bradley et al. [95] with eight gaseous species and five
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2 Char particle combustion with a particle resolved approach

reactions,

C(s) + 1
2O2 → CO , (2.15)

C(s) + CO2 → 2CO , (2.16)
C(s) + H2O → CO + H2 , (2.17)
C(s) + OH → CO + H , (2.18)
C(s) + O → CO , (2.19)

where C(s) refers to the solid carbon. This mechanism is chosen due to its
consideration of species and radicals, which allows a good gas phase coupling
in the presented simulation framework [96]. Table 2.1 represents the kinetic
parameters for heterogeneous reactions, where Pi refers to the partial pressure
of the ith species. For reaction r, Rr is the reaction rate, Kr the rate coefficient
computed as Kr = ArT Br exp(−Er/RT ). Here, Ar is the pre-exponential
factor, Br the temperature exponent, Er the activation energy, and R the
universal gas constant.

To account for particle porosity and species partial penetration into the porous
particle, similar to the approach used by Lee et al. [21], a constant multiplica-
tive factor, κ is applied in each heterogeneous reaction rate expression. A
value of κ = 12 was chosen to represent the ratio of the effective area provided
by pores (in size range of 0.4-50 μm) to the apparent particle surface area.
This choice yields a particle effective specific surface area equal to 0.852 m2/g,
which is in the range mentioned by Hecht et al. [8] from 0.225 m2/g to 8 m2/g
in oxygen concentrations of 36% down to 12%. Furthermore, the sensitivity
of the results to the kinetic parameters is studied. The results show strong
sensitivity with respect to the pre-exponential factor Ai, when it is varied

r Br Er [kJ/mol] Ar Rr [kg/(m2s)]

15a 0 125.6 2400 [kg/(m2 s atm)]
R15 = K15aPO2 ξ

1+K15bPO2
+ K15cPO2(1 − ξ)15b 0 -17.17 21.3 [1/atm]

15c 0 63.64 0.535 [kg/(m2 s atm)]
ξ = 1/(1 + K15d

K15cPO2
)

15d 0 406.1 18.1 × 106 [kg/(m2 s)]
16 0 285 9 × 103 [kg/(m2 s atm0.5)] R16 = K16P 0.5

CO2
17 0 288 4.8 × 105 [kg/(m2 s atm0.5)] R17 = K17P 0.5

H2O
18 -0.5 0 361 [kg K0.5/(m2 s atm)] R18 = K18POH
19 -0.5 0 665.5 [kg K0.5/(m2 s atm)] R19 = K19PO

Table 2.1: Kinetic parameters for heterogeneous reactions Eq. (2.15-2.19) taken
from Bradley et al. [95].
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2.1 Models and numerical methods

from 0.25Ai to Ai. In this range, a difference in the steady state temperature
of about 400 K is observed.

2.1.4 Initial and boundary conditions

Due to symmetry about the x1 axis, only half of the domain ([−50Dp, 100Dp]×
[0, 50Dp]) is computed. The initial conditions in the gas phase at time t = 0
are

Yi(x1, x2, 0) = Y 0
i , (2.20)

Tg(x1, x2, 0) = T 0
g , (2.21)

U(x1, x2, 0) = (U 0
1 , 0, 0) . (2.22)

The initial density in the gas phase is calculated via the equation of state.
The initial temperature in the solid phase, Ts is given as

Ts(x1, x2, 0) = T 0
s . (2.23)

At the inlet (x1 = x−
1 ), all gas phase variables are specified by the Dirichlet

boundary condition according to

Yi(x−
1 , x2, t) = Y 0

i , (2.24)
Tg(x−

1 , x2, t) = T 0
g , (2.25)

U(x−
1 , x2, t) = (U 0

1 , 0, 0) . (2.26)

while for x2 = x+
2 the free stream and for x2 = (x−

2 + x+
2 )/2 symmetry

boundary with the Neumann boundary condition (zero flux) is used. At the
outlet (x1 = x+

1 ), the Neumann boundary conditions are used for Yi, Tg,
and Π, while U is specified so that during the simulation the total mass in
the domain remains constant. Furthermore, Eqs. (2.10)-(2.12) are solved to
obtain Yi, U, and T at the solid-gas interface. The calculated value of Yi

and U at the interface enforce the Dirichlet boundary conditions on the gas
phase. At the interface, T imposes the Dirichlet boundary conditions on the
gas (specifying Tg) and the Neumann boundary conditions on the solid phase
(specifying ∂Ts/∂xβ).

2.1.5 Particle shape and grid size

In resolved particle simulations, coal particles are often treated as perfect
spheres [7, 12, 15, 16]. However, it is well known that particle geometries are

15



2 Char particle combustion with a particle resolved approach

complex. An example is given in Fig. 2.2 showing SEM images of Colombian
bituminous raw coal. Here, some of the particles might be well approximated
as spheres, others rather as cylinders, and both shapes could be studied
as limiting cases. Here, the cylindrical geometry is considered and as a
consequence, the particles are assumed to be infinitely long rods, which can
then be studied in 2-D simulations. This geometry has the advantage that also
particle arrays can be studied using 2-D simulations, which is quite useful when
detailed chemistry simulations are performed. The computational domain is
discretized by a Cartesian grid, which is refined around the particle by 45 cells
with sizes of |Δx| = 0.02Dp. This mesh spacing is comparable with the work
of Tufano et al. [58], who used 50 cells per particle for resolved simulations

Figure 2.2: SEM images of the Colombian bituminous raw coal [3].
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2.1 Models and numerical methods

at similar Reynolds numbers. The grid was verified in simulations of the
particle drag coefficient and comparisons with experimental measurement by
Tritton [97] shown in Fig. 2.3. The drag coefficient CD of a circular cylinder
is computed as

CD =
∫

A
{ταβ · nβ} · nαdA

1
2 ρgU2

1 A2
, (2.27)

where A and A2 indicate the particle surface area and its projection along x2
perpendicular to the flow direction.

0

5

10

15

20

0 2 4 6 8 10 12

current study
experiment

Figure 2.3: Drag coefficient of a non-reactive circular cylinder calculated numeri-
cally in the current study and compared with experimental data by Tritton [97].

2.1.6 Numerical methods

The in-house code CIAO is used to solve the presented model equations
numerically. From CIAO, a semi-implicit finite difference low-Mach solver is
used with 2nd order accuracy in space and time. Figure 2.4 shows a flowchart of
the low-Mach solver in CIAO. The numerical methods in CIAO are described in
Desjardins et al. [98]. The 2nd order staggered grid method is used to discretize
Eqs. (2.1)-(2.4) both in time and space and the Crank-Nicolson method is
used for time advancement along with an iterative predictor-corrector scheme.
During time-marching from t to t + Δt (from step n to n + 1), interface
equations (2.10)-(2.12) are solved in Pre-Step to provide boundary conditions
for the equations in the solid and gas phase. Then, Eqs. (2.1)-(2.4) in the gas
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&Velocity Correction
Advance Poisson Eq.

Advance  
Momentum Eq.

Advance Combustion

AdvanceTransport

AdvanceTransport

AdvanceTransport

Advance Chemistry

Figure 2.4: Flowchart of the low-Mach solver in the CIAO code.

and Eq. (2.9) in the solid phase are advanced in time separately.

In the gas phase, first, the scalar equations (Eqs. (2.2) and (2.4)) are advanced
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2.1 Models and numerical methods

for species mass fractions and temperature, respectively. Solving the scalar
equations follows the Strang splitting approach [99] with two independent
operators as

FTrans
Δt/2 FChem

Δt FTrans
Δt/2 (Y k

i , T k
g ) → (Y k+1

i , T k+1
g ) , (2.28)

where the upper index k denotes the time step and FChem
Δt and FTrans

Δt/2 account
for homogeneous reactions and for transport, respectively, and are given as

FChem
Δt :

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

∂ρgYi

∂t
= Ṁi

ρgcp,g
∂Tg

∂t
= − ∑n

i hiṀi

(2.29)

FTrans
Δt :

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂ρgYi

∂t
+ ∂

∂xβ
(ρg(Uβ + Vβ,i)Yi) = 0

ρgcp,g
∂Tg

∂t
+ ρgcp,g

∂(UβTg)
∂xβ

=

∂

∂xβ
(λg

∂Tg

∂xβ
) − ρg

∂Tg

∂xβ

∑n
i cp,iYiVβ,i

(2.30)

The chemistry operator in Eq. (2.29) is an ODE system, which is solved by a
time-implicit backward difference method as implemented in DVODE [100].
For the transport operator, convective fluxes are calculated using a 3rd order
WENO (Weighted Essentially Non-Oscillatory) scheme [101]. After updating
species mass fractions and temperature, density is updated using the equation
of state. Finally, the Poisson equation (derived from Eq. (2.1) and (2.3) based
on the low-Mach assumption) is advanced using the multi-grid HYPRE solver
[102] to update the velocity and pressure fields in the gas phase. As shown
in Fig. 2.4, gas phase equations are solved in each time step for kmax sub
iterations, which has a value of 5 in the current study.

In the solid phase, the energy equation, Eq. (2.9), is spatially discretized using a
2nd order central difference scheme. A Crank-Nicolson scheme with an iterative
predictor-corrector update has been applied for the time advancement.

Simulations were performed on the RWTH Compute Cluster, which is part of
JARA-HPC partition consisting of Intel Xeon Processors X5675 (Westmere)
with a base frequency of 3.06 GHz. For each case study, 168 CPUs were used
for almost 4 days.
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2 Char particle combustion with a particle resolved approach

2.2 Validation against experiment

In this section, a validation of the model should be performed. It is important
to note that the purpose here is not to prove this as a generally applicable
model, but rather to demonstrate that the interaction of chemistry and
transport is described sufficiently adequate that these interactions can be
studied in terms of the governing non-dimensional parameters as done in the
remainder of the paper.

2.2.1 Experimental setup

Experimental data measured in a laminar flow reactor (Fig. 2.1) have been
used. A detailed description of this reactor is given in Schiemann et al. [23].
The reactor is a small glass channel (5 × 5 cm2 cross section), in which coal
particles are entrained in a combustion gas atmosphere with excess oxygen.
For the present study, an exemplary Colombian bituminous coal was chosen,
which has been studied extensively for its combustion behavior in Schiemann
et al. [23], Vorobiev et al. [24], and Köser et al. [35]. Atmospheres with
N2 and CO2 diluents were chosen to represent the classical air-fired case in
comparison to oxy-fuel conditions.

The combustion behavior is analyzed by temperature and particle diameter
measurements using an imaging stereoscopic pyrometer, which is described in
[23] and [24]. Since the main focus of the present study is char combustion,
the data set was carefully analyzed for volatile flames, which were removed
from the data set mainly based on the event size [23]. Before particle injection
into the burner, mean temperatures of the gas phase are measured along the
burner height. Figure 2.5 shows the gas phase temperature profile in both
air and oxy-atmospheres. Experimentally obtained gas compositions in the
flat flame burner are given in Tab. 2.2. The experiments are designed so that
X 0

O2
= 0.3 in both atmospheres.

Test Cases Diluent Y 0
O2

Y 0
H2O Y 0

CO2
Y 0

N2

Air N2 0.326 0.086 0.105 0.483
Oxy CO2 0.262 0.087 0.651 0.0

Table 2.2: Measured gas composition at the flat flame burner for two test cases.
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Figure 2.5: The initial gas phase temperature plus measured and computed
maximum particle temperature along the burner height.The upper plot shows the
temperature distribution in oxy-, the lower plot in air atmosphere.

2.2.2 Char particle temperature

After particle injection into the burner, coal particles undergo devolatilization
and then char burnout. To capture char combustion and to ensure that
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2 Char particle combustion with a particle resolved approach

devolatilization is finished, the measurement point begins at 60 mm height
above the burner (Fig. 2.1), which corresponds to a particle residence time
of 35 and 40 ms in air and in oxy-atmospheres, respectively. Char particle
temperatures at burner heights of 60, 90, 120, 150, and 180 mm have been
measured, which correspond to residence times of 35-86 ms in air and 42-95
ms in oxy-atmosphere.

To validate the model, each measurement point is computed to steady state,
which for all points is reached in less than 0.5 ms, using the conditions of
the local atmosphere. The char combustion is computed for a diameter of
Dp = 100 μm in both air (N2 diluent) and oxy- (CO2 diluent) atmospheres.
In the computational domain, the initial conditions and the boundary condi-
tions at the upstream boundary are given by the measured gas compositions
(Tab. 2.2) and temperatures (Fig. 2.5) from the experiment. For each atmo-
sphere, U 0

1 is computed so that the relative Reynolds number of the particle,
Rerel = ρ0U 0

1 Dp/μ0 becomes 0.125. This value was shown by Knappstein et
al. [103] to be appropriate for this kind of configuration. Computed particle
temperatures are recorded and shown in Fig. 2.5. Comparing the particle
temperatures in Fig. 2.5 reveals that the computed temperatures in both
atmospheres are within the experiment’s confidence interval. This provides
some validation to show that the current resolved model for char particle
combustion leads to suitable results to be used for the following investigation.

2.3 Results and discussions

In this section, first, the influence of the oxidizing environment on single char
particle combustion will be investigated by analyzing results from computa-
tions for cases with both air and oxy-atmospheres. Second, the interactions
between the gas flow and the chemistry will be studied.

The gas compositions of both air and oxy-atmospheres used in this study
are defined in Tab. 2.2. To capture the transient combustion behavior, the
initial gas and particle temperatures are set to 1500 K. In both atmospheres,
Dp = 100 μm. Later in this section, particle Reynolds numbers are varied
from 0.125 to 8. The upper value of the Reynolds numbers studied here is
chosen considering the observed gas velocity range in Aachen’s 100 kW swirl
burner [104]. Recently, Franchetti et al. [105] performed an LES study of the
oxy-coal furnace of Aachen’s swirl burner. The highest magnitude of mean
velocity is reported to be in the order of 22 m/s. Assuming that some of
the 100 μm particles experience a slip velocity around 22 m/s, the maximum
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particle Reynolds numbers are Rerel ≈ 10.

The computed results will be presented in terms of a set of non-dimensional
parameters, which are defined as x∗

1 = x1/Dp, x∗
2 = x2/Dp, and t∗ = t/τc,ref ,

where τc,ref is the reference time scale defined as τc,ref = Dp/U 0
1 based on

the value of U 0
1 in oxy-atmosphere with X0

O2
= 0.3. Each simulation is

performed in time up to 60 × τc,ref . It is seen in the simulations and also the
experiments that at each condition, the particles are in a quasi-steady state.
Here, the simulations are only for the initial unsteady phase until a steady
state is reached (3 ms). Further changes of porosity and particle diameter
then happen at a much longer time scale and burnout at a time scale of about
200 ms. Char combustion is computed up to 3 ms, which is much less than of
the whole char burnout time (around 200 ms). Thus, density variations can
be neglected for the small time period compared with the total burnout time
[106]. Furthermore, it was shown by experimental determination of particle
diameters during char burnout of this coal sample under similar conditions
[24, 107] and in theory by Mitchell et al. [106] that diameter changes during
the early burning phase are rather small. Thus, for the short time frame
considered, diameter changes are neglected. Later times could be simulated by
quasi-steady calculations at different particle diameters and porosity, which is
considered here by independently varying Reynolds and Damköhler numbers
of the particle.

2.3.1 Oxy- versus air atmosphere

In this section, char combustion is analyzed in air and oxy-atmospheres. Mass
and energy exchanges between the particle and its surrounding gas are studied
and comparisons between the different atmospheres are made. The simulations
for the initial comparison are performed for Rerel = 1 in both atmospheres.
Figure 2.6 shows the evolution of the maximum temperature in the gas phase,
Tgmax , in both air and oxy-atmospheres. A higher temperature in the oxy-
than in the air atmosphere is observed at the early stage of char combustion,
while afterwards until t∗ = 60, higher Tgmax is obtained in the air atmosphere.
Moreover, Figure 2.7a shows that at t∗ = 60, not only Tgmax , but also Tg

around the particle is higher in the air compared to the oxy-atmosphere. The
temperatures inside the particle vary almost linearly in time with a heating
rate of about 105 K/s. The radial changes of temperature inside the particle
are less than 10 K.
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Figure 2.6: Evolution of the maximum temperature in the gas phase, Tgmax , in
both oxy- and air atmospheres with Rerel = 1 and X 0

O2 = 0.3.

2.3.1.1 Mass exchange

Locating a char particle in a hot oxidizing environment leads to heterogeneous
reactions at the solid-gas interface (see Eqs. (2.15)-(2.19)). The gaseous reac-
tants and products of these reactions are transported between the interface
and the gas phase by diffusive and convective fluxes (see Eqs. (2.10) and
(2.11)). The main product of all heterogeneous reactions is CO, which is
transported to the gas phase. There, CO undergoes oxidation due to the
homogeneous reactions given in the mechanism introduced in section 2.1.

Analyzing the data reveals that in both atmospheres, the surface oxidation
reaction, Eq. (2.15), has the highest CO production rate (more than 95%)
among all heterogeneous reactions. Hecht et al. [9] found that even for oxy-
combustion at elevated partial pressure of oxygen, the oxidation reaction is
dominating in char combustion [9]. This is in agreement with the present
findings that the oxidation reaction contributes to more than 95% of carbon
consumption. Because of the relatively high activation energies of the gasi-
fication reactions, it could be expected that at higher temperatures under
oxy-fuel condition, these reactions will have a higher contribution. Therefore,
to quantify mass exchange, the relevant parameters of the involved species in
this particular surface oxidation reaction will be studied in detail.
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Figure 2.7: (a) 2-D distribution of gas phase temperature, Tg, in Kelvin at t∗ = 60
and (b) evolution for oxy- (solid line) and air (dashed line) atmospheres along the
centerline in the vicinity of the particle with Rerel = 1 and X 0

O2 = 0.3.
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Rerel = 1.

Figure 2.8 shows the evolution of ṁC, CO2 , and CCO at the particle surface
for three different angles α = 0, π/2, and π. Ci is the molar concentration of
the ith species. The evolution of carbon monoxide at the particle surface can
be separated into three different phases (see Fig. 2.8). In phase I (t∗ < t∗

1),
the value of CCO increases very slowly. This phase is followed by phase

II, which is initiated by the ignition of the gas phase. During this phase,
the amount of CCO increases sharply until it reaches a maximum at t∗ = t∗

2.
Finally, in phase III (t∗

2 < t∗ < t∗
3), CCO is decreasing to approach a constant

value. It can be observed in Fig. 2.8 that CO2 weakly decreases in phase I. In
phase II, this decrease is significantly enhanced, before slowing down again in
phase III. Furthermore, Fig. 2.8 shows that ṁC is decreasing during phase I
and II, while it shows a minimum with a subsequent increase within phase
III.

The magnitude of ṁC strongly depends on the rate of the surface oxidation
reaction, which is a function of CO2 and the particle surface temperature.
During phase I and II, the CO2 drop leads to a reduction of ṁC, while during
phase III, the temperature increases (see Fig. 2.7b). This temperature increase
compensates the impact of the CO2 drop, and thus leads to the reversed trend
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Figure 2.9: Evolution of CCO, CO2 , and ṁC at the solid-gas interface, in the oxy-
(solid line) and air atmospheres (dashed line).

in the ṁC evolution.

Due to the non-uniform distribution of the aforementioned quantities, ṁC and
Ci are averaged on the particle surface to compare oxy- and air atmosphere.
These averages are referred to as ṁC and Ci, and shown over time in Fig. 2.9
for both atmospheres. A comparison between the air and oxy-atmospheres
reveals that in spite of an increased CCO in the oxy-atmosphere, the corre-
sponding ṁC profile exhibits lower values. Further, it is seen in Fig. 2.9 that
the starting point of phase II in the oxy-atmosphere lies before that in the air
atmosphere. This leads to a time shift between the profiles in the oxy- and
air atmosphere. Therefore, to find the reasons for different mass exchange
in the oxy- and air atmospheres, the transition from phase I to II must be
studied in detail.

2.3.1.2 Budget of interface mass balance

To understand the underlying physics at the transition from phase I to II,
the evolution of the O2 and CO species source terms due to the surface
reactions and their corresponding diffusive and convective fluxes have to be
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Figure 2.10: Evolution of ṁi and F Yi|g (due to the diffusion and convection) of the
species CO (solid line) and O2 (dashed line) at the interface, for the oxy-atmosphere.

quantified at the interface. These are related through the budget of Eq. (2.2),
which states that the sum of convective and diffusive species fluxes at the
interface are equal to the chemical production rates of the surface reactions.
To analyze this budget, the species production rates, ṁi, and species mass
fraction fluxes, FYi|g are averaged on the particle surface. The species fluxes
are defined positive away from the interface. Figure 2.10 shows the evolution
of these averaged quantities, F Yi|g and ṁi, for the oxy-atmosphere. Within
the entire investigated time frame, the absolute value of the diffusive flux
exceeds convection. Therefore, it is concluded that the diffusive fluxes are the
dominant transport mechanism at the interface. Figure 2.10 further indicates
that the absolute value of the species diffusive flux first decreases gradually
in phase I and then stronger in phase II. A qualitatively similar behavior is
observed for F Yi|g and ṁi in air atmosphere.

The lower O2 diffusive flux supplies less O2 at the interface and hence, CO2 at
the interface reduces. In contrast, the lower CO diffusive flux diffuses less CO
away from the interface and thus, CCO at the interface increases. Therefore,
a significant reduction in the diffusive fluxes of O2 and CO enforces a sharp
drop in CO2 and a significant increase in CCO along with transition from
phase I to II (see Fig. 2.9).

28



2.3 Results and discussions

The absolute value of the O2 and CO diffusive fluxes are decreasing because of
O2 deficiency and CO abundance at Ωg|p. During phase I, CO2 deficiency and
CCO abundance at Ωg|p are caused by a slow transport in the gas phase that
cannot compensate the impact of the surface oxidation reaction. However,
within phase II, the reason for a significant reduction in CO2 at Ωg|p is not
only the slow transport, but also O2 consumption by homogeneous reactions.
Figure 2.11 shows the evolution of ĊO2 , which is the volume-averaged value
of ĊO2 (over Ωg|p) defined as ṀO2/WO2 . In both atmospheres, the absolute
value of ĊO2 increases significantly at the beginning of the second phase.
However, the maximum absolute value of ĊO2 in oxy-atmosphere is almost
twice as high as that in air atmosphere. The analysis of the data shows that
the reaction

O2 + H → OH + O (2.31)

is the main contribution to O2 consumption at Ωg|p for both the oxy- and air
atmospheres. During phase II in the oxy-atmosphere, Eq. (2.31) consumes
more O2 than in air. Consequently, due to the reduced oxygen content, the
surface oxidation reaction Eq. 2.15 yields smaller values of ṁC (see Fig. 2.9)
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Figure 2.11: Evolution of ĊO2 and ĊCO in the oxy- (solid line) and air (dashed
line) atmospheres.
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and ṁCO in the oxy- compared to the air atmosphere.

Figure. 2.9 also shows that at the interface, CCO has a higher value in the
oxy- compared with air atmosphere. The reason originates from the CO
production within the boundary layer by reaction

CO2 + H → CO + OH , (2.32)

which leads to an almost three times higher value of ĊCO (at Ωg|p) in the
oxy-atmosphere (see Fig 2.11).

Equation (2.31) consumes O2, which leads to lower values of ṁC in the
oxy-atmosphere within phase II (see Fig. 2.9). During phase III, lower
temperatures in the oxy-atmosphere (see Fig. 2.7a) keep ṁC lower, which
strongly couples the mass exchange to the energy exchange.

2.3.1.3 Budget of interface energy balance

The production of CO, for instance by the surface oxidation reaction (2.15),
and the consumption of CO within the gas phase are both exothermic pro-
cesses. Studying the energy exchange at the solid-gas interface clarifies which
process has the main contribution in supplying thermal energy for the system.
To quantify the energy exchange at the solid-gas interface, the budget of the
energy interface condition in Eq. (2.8) is considered. The energy fluxes, Fe|g,
appearing in that equation and the energy source terms by surface reactions
and radiation are shown. The individual terms are defined such that fluxes
away from the interface are positive and that the sum of the fluxes equals
the sum of the source terms. Due to the non-uniform distribution, these
quantities are averaged on the particle surface and referred to as F e|g and
ė. Figure 2.12 illustrates the evolution of the fluxes F e|g due to conduction
from the interface into the gas phase and into the solid as well as due to
advection. Further, the evolution of the individual contributions to ė due
to surface reactions and radiation are shown over time in Fig. 2.12. During
phase I, almost constant energy fluxes at the solid-gas interface can be ob-
served. Within this time interval, heat released from the surface reactions and
conduction from the solid particle provide most of the energy at the interface.
This energy is then mostly removed by radiation. During phase II, both
conductive fluxes undergo significant variations along with the temperature
increase in the vicinity of the particle (see Fig. 2.7b at t∗

1 and t∗
2). During

phase III, conduction from the gas phase along with surface reactions become
the dominant processes supplying energy to the interface, which then heats
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to the advection and source terms ė due to surface reactions and radiation at the
solid-gas interface in the oxy-atmosphere. Fluxes are defined positive away from
the interface and the signs of source terms such that their sum equals the sum of
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up the particle and radiates back into the gas phase. In the air atmosphere,
the F e|g and ė evolutions reveal an analogous behavior. As a consequence,
for both oxy- and air atmospheres, during the first phase, the heat release
comes from the heterogeneous reactions, while during the third phase, the CO
oxidation by homogeneous reactions provides much more energy than the sur-
face oxidation reactions. In phase II, both contributions are equally important.

2.3.1.4 Heat release distribution

Figure 2.13 shows the heat release Q̇ from the CO oxidation by homogeneous
reactions along the centerline in a region around the particle at t∗

1, t∗
2, and

t∗
3 in both oxy- and air atmospheres. In both atmospheres, within the

entire investigated time frame, Q̇ < 0 next to the interface, while the rest of
the domain exhibits Q̇ ≥ 0. At t∗

1, the endothermic homogeneous reactions
Eq. (2.31) and Eq. (2.32) possess the highest rates and constitute the biggest
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Figure 2.13: Gas phase heat release Q̇: (a) evolution along centerline and (b) 2-D
distribution at t∗

3 in a region around the particle for both oxy- (solid line) and air
(dashed line) atmospheres with Rerel = 1 and X 0

O2 = 0.3. In (b), Q̇ is negative in
the region between the white line and the particle surface.
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2.3 Results and discussions

energy sink in the vicinity of the particle. From t∗
1 to t∗

2, the rates of the
exothermic reactions (with Q̇ > 0) are increasing along with the transport of
CO from the particle interface to the gas phase. At t∗

2, Q̇ reaches its maximum
value in the vicinity of the particle, where reaction

CO + OH → CO2 + H , (2.33)

has the highest rate. From t∗
2 to t∗

3, Q̇ is decreasing again, while the chemical
reactions are approaching equilibrium.
A comparison between the air and oxy-atmospheres in Fig. 2.13a indicates
that at t∗

1, the highest energy sink occurs in oxy-atmosphere due to increased
activity of the endothermic reactions. Furthermore, Fig. 2.13a shows that
at t∗

2 and t∗
3, Q̇ in the oxy-atmosphere is lower than in air. The lower Q̇ in

oxy-atmosphere results from the lower ṁC (see Fig. 2.9), which represents
the rate of production of CO on the surface that is released as a combustible
fuel to the gas phase. Within phase II and III, not only Q̇, but also the gas
phase temperature, Tg, is lower for the oxy-atmosphere (see Fig. 2.7). Finally,
the lower Tg in the oxy-atmosphere can be explained by the combination of
its lower Q̇ and higher cp,g values.

2.3.2 Transport and chemistry interactions

While the flow passes through the reactive region in the vicinity of the parti-
cle, the gas temperature is constantly increasing. Therefore, the gas phase
temperature downstream (x∗

1 > 0.5) is higher than upstream (x∗
1 < −0.5),

as is observed in Fig. 2.7a. Consequently, the temperature at the solid-gas
interface increases when varying the central angle α from π to 0, where the
latter denotes the downstream location.

In contrast to temperature, CO2 decreases in flow direction, because of the
O2 consumption by both surface oxidation and homogeneous reactions. This
is evidenced in Fig. 2.8, the upstream side of the particle (α = π) is shown to
have a higher CO2 value than the downstream side (α = 0).
Both parameters, T and CO2 affect ṁC at the interface. At α = π, the
influence of CO2 is dominant in enforcing the highest ṁC. From this point
on, ṁC decreases in flow direction (see Fig. 2.8), at least for phase III, where
substantial heat release and oxygen consumption has occurred.

Furthermore, the non-uniform Q̇ distribution in Fig. 2.13b exhibits an in-
creased value on the upstream side of the particle compared to the downstream
region. The amount of Q̇ depends on ṁC, CO2 , and Tg. Within the upstream
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2 Char particle combustion with a particle resolved approach

region, the higher values of ṁC and CO2 compensate for the impact of the
lower temperature. As a result, higher Q̇ values are observed upstream com-
pared to the downstream region. It is concluded that the upstream region is
the most active region for both heterogeneous and homogeneous reactions.

2.3.2.1 Damköhler numbers

The non-uniform distribution of the aforementioned quantities at the interface
and in the gas phase are caused by the relative gas flow with respect to
the particle and its interaction with chemistry. To quantify the interactions
between flow field and chemistry, diffusive and convective Damköhler numbers,
Daconv and Dadiff , are evaluated. The Damköhler number demonstrates
which phenomenon, either transport or chemistry, is faster. Convective
and diffusive Damköhler numbers are defined as Daconv = τconv/τchem and
Dadiff = τdiff/τchem, respectively. τconv and τdiff refer to the characteristic
times for convection and diffusion, which are computed as τconv = Dp/U 0

1
and τdiff = D2

p/di. τchem is the characteristic time for chemistry and defined
as the time scale of a dynamically important reaction r with rate Rr. To
calculate τchem, Eq. (2.31) is considered because of its important contribution
to O2 consumption. τchem is then computed as τchem = CH/R32. Figure 2.14
shows for both atmospheres that the Damköhler numbers decrease towards the
surface of the particle, Daconv > 1 and Dadiff > 1, meaning that the relevant
chemistry is faster compared with transport. Thus, CO oxidation and the
flame chemistry are controlled by transport rather than by chemistry.

2.3.2.2 Rerel variation approach

To accelerate oxygen convective transport within the reaction zone, τconv can
be decreased by varying either Dp, U 0

1 , or both. Therefore, to investigate
the sensitivity of the convection process within the reaction zone to these
parameters, a study varying Rerel is carried out in the following by changing
either the relative velocity or the particle diameter.

The oxy-atmosphere case presented in subsection 2.3.1 is selected as a reference
defining reference particle diameter Dref , relative velocity Uref , Reynolds
number Reref , characteristic time for convection and diffusion τc,ref and τd,ref ,
and corresponding Damköhler numbers Dac,ref and Dad,ref . Table 2.3 shows
the four defined cases normalized with the reference case. In case i and ii,
τconv decreases by downsizing the particle, whereas in case iii and iv, τconv is
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Figure 2.14: Da distribution around the particle at t∗
3 for the oxy- (solid line) and

air (dashed line) atmospheres.

Test case τconv
τc,ref

τdiff
τd,ref

Dp

Dref

U 0
1

Uref
Rerel
Reref

Daconv
Dac,ref

Dadiff
Dad,ref

i 2 4 2 1 2 2 4
ii 0.5 0.25 0.5 1 0.5 0.5 0.25
iii 2 1 1 0.5 0.5 2 1
iv 0.5 1 1 2 2 0.5 1

Table 2.3: Test cases with different Rerel by varying U1 and Dp.

decreased by increasing the relative velocity. Each of the four cases is tested
at three different oxy-atmospheres with oxygen mole fractions of X 0

O2
= 0.24,

0.3, and 0.36. The two τconv variation approaches are compared based on the
results for the four cases given in Tab. 2.3. Figure 2.15a shows the temperature
distributions of cases i and ii. The combustion of the larger particle in case ii
with higher Rerel yields a more stretched flame structure compared to case i.
Analysis of the data shows that the volume-averaged gas phase temperature
in case i is higher than in case ii. Particle downsizing reduces both τconv and
τdiff . Thus, species transport is faster in case i compared with case ii. Further,
it can be observed from Fig. 2.15b that case iv with a faster gas flow and
higher Rerel exhibits a more stretched flame but lower temperatures than
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2.3 Results and discussions

case iii. Due to the lower τconv, species transport in case iv is faster than in
case iii. Both temperature and species transport affect the total heat released
from the char particle combustion.

Figure 2.16 shows the normalized mean of the heat release Q̇/Q̇ref for each case
at three different oxygen concentrations. Irrespective of the gas composition,
decreasing τconv, either by varying particle size (from case i to ii) or relative
velocity (from case iii to iv), yields higher heat release. The increase in heat
release becomes more pronounced by decreasing particle size. The reason
originates in the presence of higher temperature and faster oxygen transport
around a smaller particle. In fact, the smaller particle possesses the lowest
Daconv and Dadiff .

It is concluded that decreasing τconv by reducing the particle size enhances
both temperature and oxygen supply and thus, leads to higher heat release.
Decreasing τconv by increasing relative velocity enforces faster oxygen supply
for both surface and homogeneous reactions while decreasing temperature.
Therefore, in a next step, Rerel is varied in a wide range using different relative
velocities to investigate the competing impacts of temperature and oxygen
supply on total heat release.
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Figure 2.16: Variation of Q̇/Q̇ref versus X 0
O2 for the test cases defined in Tab. 2.3.
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0.30, and 0.36 in the oxy- and air atmospheres at Rerel = 1.

2.3.2.3 Rerel variation by relative velocity

Here, Rerel is varied from 0.125 to 8 by changing the relative velocity, while
keeping the particle diameter constant. Each variation is done for three
different oxy-atmospheres with X 0

O2
= 0.24, 0.3, and 0.36.

The normalized heat release Q̇/Q̇ref over Rerel is shown in Fig. 2.17. In all
studied oxy-atmospheres, Q̇/Q̇ref increases with increasing Rerel from 0.125
to 4, before it decreases at Rerel = 8. As discussed in section 4.1, the heat
release from the homogeneous reactions mainly depends on the amount of the
oxygen in the atmosphere, the CO released due to surface reactions, and the
temperature. Therefore, to understand the reasons for the Q̇/Q̇ref variation
over Rerel, the impact of the flow field on the aforementioned parameters is
discussed in the following.

Increasing Rerel leads to a faster oxygen transport for both heterogeneous
and homogeneous reactions. The mean gas phase temperature, T g normalized
by T g,ref is shown in Fig. 2.18a. In all investigated cases, the normalized
mean gas phase temperature decreases with increasing Rerel. This decrease is
more pronounced at higher Rerel. In fact, increasing Rerel with relative flow
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Figure 2.18: Variation of T g/T g,ref (a) and ṁC/ṁC,ref (b) over Rerel (varied by
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1 ) at t∗
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Rerel = 1.
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velocity enforces a faster gas stream, which transitions the combustion zone
faster. Consequently less heat is absorbed by the gas flow compared to cases
with lower relative flow velocity.

Figure 2.18b shows for each gas composition that ṁC/ṁC,ref first increases
with increasing Rerel and then decreases at Rerel = 2. ṁC represents the
mean CO production rate and is a function of the oxygen concentration and
the temperature. It was discussed that increasing Rerel enhances the oxygen
transport to the combustion zone, while T g reduces. Based on these results,
it is concluded that from Rerel = 0.125 to 2, the higher oxygen concentration
compensates the temperature drop and thus ṁC/ṁC,ref increases. When Rerel
increases from 2 to 8, the Daconv is low enough to cause a competition between
chemistry and transport. This leads to a significant decrease in temperature,
and consequently ṁC/ṁC,ref decreases. Comparing the ṁC/ṁC,ref variation
over Rerel for each gas composition shows that at higher oxygen concentrations,
the impact of the flow on the CO production rate is enhanced.

2.3.3 Char combustion in array configuration

An industrial furnace contains millions of burning coal particles interacting
with the surrounding gas flow and their neighboring particles. Therefore, in
addition to the single particle, char combustion has also been investigated in
an array configuration using the particle resolved approach. To discuss the
interaction between the gas flow and the array combustion, a few cases from
[108] are presented here. In these cases, the particle spacing L is varied from
3Dp to 9Dp and the relative Reynolds number Rerel from 1 to 8. Similar to
the single particle simulations, the particle array configuration has inlet-outlet
boundaries in the streamwise direction. However, the particle array configura-
tion is periodic in the spanwise direction to reduce the computational effort.
All particles have a diameter of 100 μm and their initial temperature is the
same as the initial gas temperature of 1500 K. In all cases, the gas phase
burns under oxy-fuel condition with the same composition as Oxy defined in
Tab. 2.2.

A reference case is defined by three particles in streamwise direction, with 6Dp

particle spacing and a relative Reynolds number of 1. Figure 2.19 shows the
distribution of the heat release rate, temperature, OH, and O2 mass fractions
in the vicinity of the particles for the reference case. The first particle (from
the left side) upstream, behaves similar to a single particle, while downstream
particles behave very differently. All quantities are non-uniformly distributed
around particles. The peak of the heat release rate is upstream of the first
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Figure 2.19: Distribution of the heat release rate, temperature, and OH and oxygen
mass fractions in the vicinity of the particles with 6Dp spacing at Rerel = 1.

particle, while the peak of the gas temperature is further downstream. Besides
the heat release rate, OH and O2 distributions reveal substantially higher
values around the first particle. The non-uniform distribution of the quantities
originates from the gas flow, which continuously supplies oxygen for the first
particle. The higher O2 concentration leads to faster oxidation on the surface
of the first particle. As a result of the faster surface oxidation rate together
with the higher oxygen concentration, the vicinity of the first particle becomes
the most active region for exothermic gaseous reactions and yields the highest
heat release values.

The influence of the relative flow on the particle combustion is further investi-
gated by considering cases at Rerel = 1 and 8 for different configurations with
particle spacing of 3Dp, 6Dp, and 9Dp. Figure. 2.20 shows the distribution
of the heat release rate and temperature for these cases. For each configu-
ration with a specific particle spacing, increasing Rerel changes the particle
combustion differently depending on the particle location in the array. For
the first particle upstream, varying Rerel has a non-linear impact on the heat
release rate. For the first particle, increasing Rerel accelerates the burning
rate only up to a certain point, beyond which increasing Rerel even decreases
the burning rate. For the second and third particles however, increasing Rerel
up to 8 monotonously increases the burning rate.

Figure. 2.20 further shows that increasing Rerel expands the flame front and
forms a different flame structure around particles. For each particle spacing,
increasing Rerel shifts the temperature peak further downstream towards
the outlet. In the array with 9Dp particle spacing, increasing Rerel shifts
combustion of each array particle towards the single particle regime. However,
in a denser array with 3Dp particle spacing, increasing Rerel leads to particle
group combustion, where particles are burning in the flame of the neighboring
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Figure 2.20: Distribution of the heat release rate and gas temperature around
the particles for different array configurations (particle spacing L = 3Dp, 6Dp, and
9Dp) with Rerel = 1 and 8.

particles and particle interactions can intensify combustion rates. This could
be explained with the presence of both higher temperatures in the denser par-
ticle cloud and faster oxygen supply at the higher Rerel. Further parametric
studies are discussed and analyzed to incorporate the particle interaction into
the model development for point particle simulations in [108].

2.3.4 Drag force acting on the reactive particle

A char particle in a hot atmosphere undergoes heterogeneous reactions on
the surface. There exists a two-way coupling between the gas flow around
the particle and the surface reactions. The presence of a gas flow around
the particle affects the temperature and oxygen concentration on the surface,
which in turn influences the heterogeneous reactions. These reactions, on
the other hand, result in a Stefan flow on the particle surface, impacting
the dynamics of the surrounding gas. This Stefan flow velocity shifts the
stagnation point away from the particle surface, altering the flow pattern in
comparison with the non-reactive particle, and resulting in a modified drag
force. Therefore, this study provides the correlation between the computed
drag coefficient of the reactive particle and the dimensionless Stefan flow
velocity.
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XO2,ref XCO2,ref XH2O,ref Tref [K] Dref [μm] Uref [m/s] Reref τc,ref [μs]

0.3 0.53 0.17 1500 100 2 1 50

Table 2.4: Reference parameters and their corresponding values

Test case τconv
τc,ref

Dp

Dref
U1

Uref
Rerel
Reref

a 1 1 1 1
b 1/2 1 2 2
c 1/4 1 4 4
d 1/8 1 8 8

Table 2.5: Case studies at different Rerel and τconv by varying U 0
1 .

Reference quantities needed for the envisioned parameter study are defined in
Tab. 2.4. The reference density and viscosity are computed at the reference
gas composition and temperature. The reference Reynolds number is defined
by the reference density, viscosity, velocity, and the particle diameter. The
reference time is defined based on the characteristic convection time scale,
which is 1-2 orders of magnitude (depending on the reaction rates) higher than
the characteristic time of the gaseous chemical reactions. In previous sections,
it was shown that the oxygen molar fraction and the particle relative velocity
have the significant impact on the combustion behavior. Here, simulation
results are analyzed at various XO2 and U1 to investigate the variation of
the drag force. Varying XO2 with respect to its reference value, yields three
simulation sets corresponding to XO2 = 0.24, 0.3, and 0.36, respectively. This
interval was chosen for oxygen concentration, which is close to the required
amount of oxygen in oxy-atmosphere to get the same adiabatic temperature
as in air environment. Keeping XH2O the same as its reference value in
each simulation set, XCO2 is varied to compensate for the variation in XO2 .
Each simulation set includes four case studies; a, b, c, and d, which are
defined in Tab. 2.5. In cases a to d, Rerel is increased by increasing U1 and
keeping Dp constant. As Rerel increases, the characteristic time scale for
convection, tconv = Dp/U1, however, decreases. In each case study, the results
are computed up to t = 60τc,ref .
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Figure 2.21: Distribution of Q̇ (upper) and streamlines (lower) for case studies
a-d (defined in Tab. 2.5) with XO2 = 0.30 at t = 60τc,ref .
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2.3.4.1 Surface reaction effects on the flow field

Figure 2.21 shows the heat release from homogeneous reactions, Q̇ together
with the streamline distribution around the particle, with XO2 = 0.30 at
t = 60τc,ref . Comparing heat release distributions of cases a-d suggests that
increasing the relative velocity results in a more stretched flame around the
particle. The increase in relative velocity enhances the heat release peak
and shifts its location further downstream. The perpendicular streamlines
on the particle surface, shown in Fig. 2.21, support the presence of the
Stefan flow velocity. The stagnation point locates farther from the particle
surface in the cases with lower relative velocity or slower forced convection.
The location of the stagnation point in such flows depends on both U1 and
USt. Thus, the ratio of USt to U1 is more suitable in investigating the
impact of the Stefan flow velocity on the flow field. The magnitude of USt
depends on the heterogeneous reactions, amongst which the surface oxidation
reaction C + 1/2O2 → 2CO has more than 95% contribution in carbon
consumption rate and consequently in the Stefan flow velocity magnitude.
The value of USt/U1 distributes non-uniformly around the particle surface,
decreasing from upstream to downstream. The reason originates in the higher
oxygen concentration and consequently higher activity of the surface oxidation
reaction, at the upstream region.

For further investigation, USt/U1 is considered, where USt refers to the
averaged value of the Stefan velocity on the particle surface. Although, after
t = 20τc,ref the maximum temperature in the gas phase approaches a constant
value, surface temperature increases linearly over time. The increase in surface
temperature raises surface reaction rates and consequently USt/U1. To analyze
the data, three different times are considered, t1 = 20τc,ref , t2 = 40τc,ref ,
and t3 = 60τc,ref for each case study. Figure 2.22a shows the variation of
USt/U1 for each simulation set with respect to Rerel. As Rerel decreases,
USt/U1 increases. Therefore, at lower Rerel, Stefan velocity impacts the flow
pattern more and moves the stagnation point farther from the particle surface.
Furthermore, it can be observed from Fig. 2.22a, that at each Rerel, a higher
oxygen concentration yields a higher USt. This can be explained by the fact
that the higher oxygen concentration accelerates the oxidation reaction and
consequently increases the Stefan flow velocity.

The drag force on the particle defined in Eq. 2.27 can be written as

CD =
∫

A
{− ṁ2

ρ nα + ταβ · nβ} · nαdA
1
2 ρgU2

1 A2
, (2.34)
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2 Char particle combustion with a particle resolved approach

where ṁ2/ρdA is the thrust force due to the surface reactions and the remain-
ing term in the numerator is the viscous force. In Eq. 2.34, the impact of the
pressure term is neglected due to the low-Mach assumption applied in the
simulations.

The ratio of the drag coefficient of the reactive case to the non-reactive set-up
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Figure 2.22: (a) Ratio of Stefan velocity to initial relative flow velocity; (b)
drag coefficient ratio of reactive to non-reactive particle at various Rerel and gas
composition. For each gas composition, the symbols with the light, intermediate,
and dark color refer to t1, t2, and t3, respectively.
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2.3 Results and discussions

is plotted in Fig. 2.22b for varying Rerel. This figure shows that this ratio
remains less than one for each gas composition. This observation implies that
a lower drag force acts on the surface of the reactive with the non-reactive
particle. Since the thrust force is negligible compared to the viscous forces
on the surface, the reduction in the drag force can be attributed to the lower
strain rate. Combustion affects the drag coefficient more at lower Rerel. In
other words, particle combustion reduces the drag force more at the lower
Rerel and higher tconv. Furthermore, Fig. 3b illustrates that at Rerel < 2,
the drag force oscillates over time. However, considering an average value
indicates that independent of Rerel, the lower drag force belongs to the particle
in a higher oxygen content.

Figure 2.23 shows drag reduction profile versus USt/U1 at t = 20τc,ref , 40τc,ref ,
and , 60τc,ref for each case study. The higher USt/U1 intensifies the impact
of reactions on the fluid flow and yields a lower drag coefficient.

0.0

0.2

0.4

0.6

0.8
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0 6 12 18 24 30

Figure 2.23: Drag coefficient reduction for reactive particle at various ratios of
Stefan flow velocity to the inlet velocity. The corresponding correlation function
is shown as solid line. For each gas composition, the symbols with the light,
intermediate, and dark color refer to the t1, t2, and t3, respectively. The blank
symbols represent oxy-atmosphere and the filled symbols refer to the char combustion
under air atmosphere.

47



2 Char particle combustion with a particle resolved approach

2.3.4.2 Drag force correlation

It is anticipated that CD,reactive/CD,non−reactive can be correlated with USt/U1
by a reciprocal function. To support this prediction, first an empirical relation
for the drag reduction of the evaporating droplet is considered. Renksizbulut
and Yuen [109] suggested that Stefan convection reduces the drag coefficient
of the evaporating droplet by factor of 1/(1 + BM ), where BM is the mass
transfer number. It is assumed that USt/U1 is proportional to this mass
transfer number. Thus, κUSt/U1 is chosen as the mass transfer number for
the reactive case, where κ is the free parameter for curve fitting. Using
this relation, the drag reduction factor becomes 1 and 0 in the limits of
very small and very high USt/U1, respectively. Using least-squares method,
κ = 43.97 ± 1.79 results in a curve with minimum distance from the scatter
data points. Furthermore, Fig. 2.23 includes some results for char combustion
under air atmosphere with lower and various oxygen concentrations. The
drag reduction of char combustion in air environment follows the extracted
correlation in oxy-atmosphere. Data analysis shows that oxidation reaction
has more than 95% contribution in carbon consumption rate and consequently,
the magnitude of Stefan flow. Therefore, with the current surface kinetics,
gasification reactions have minor impact on the Stefan flow and drag modifi-
cation.

Char combustion processes might happen in three different regimes; either
kinetic controlled, diffusion controlled or kinetic-diffusion controlled. De-
pending on the size of the particle, char combustion turns to the kinetically
controlled process under low temperature and high oxidizer concentration
conditions. In the current study, due to the presence of high initial tempera-
ture and low oxidizer at the particle surface, char combustion shifts towards
the diffusion controlled regime. Particle porosity has also critical impact on
char combustion regime specification. In the current work, coal type with
certain porosity has been considered. To generate a model that covers the
whole char combustion regimes, further investigations are required to study
the correlation between Stefan flow velocity and drag coefficient at various
particle size, porosity, temperature, and oxidizer concentration.
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3 Ignition of coal particles with an
Euler-Lagrange approach

In this chapter, devolatilization and ignition of coal particles in both air
and oxy-atmosphere are investigated by using Euler-Lagrange method. The
governing equations and numerical methods for both particle and gas phase
within the Euler-Lagrange framework are described. The details about the sub-
models and the interphase coupling approach are provided. The simulation
results are validated against experimental measurements of ignition delay
time of coal particles in a laminar entrained flow reactor by Liu et al. [47].
Using the validated model, two configurations are investigated; first, a single
particle and second, a group particle configuration. For the single particle
configuration, the coal ignition process is computed at various particle sizes
and gas temperatures in both air and oxy-atmosphere. For both atmospheres,
detailed discussions regarding devolatilization and volatile flame evolution are
provided. Coal ignition in oxy-atmosphere is compared with the conventional
condition for a large set of parameters and the primary effect of the delayed
ignition in oxy-atmosphere is discussed. In the group particle configuration,
the impact of particle number density, gas temperature, and slip velocity on
the ignition delay time is investigated and discussed in detail.

3.1 Models and numerical methods

Coal combustion involves mass, momentum, and energy transfer between the
coal particles and the gas phase. In the present work, the two-phase interaction
is modeled using an Euler-Lagrange approach. Gas phase equations are given
in the Eulerian framework, while particle equations are in the Lagrangian
framework. The Eulerian and the Lagrangian equations are fully coupled.
The performance of the models and methods has been extensively validated
against experimentally measured ignition delay time data by Liu et al. [47].
The corresponding model equations are given in the following sections.
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3 Ignition of coal particles with an Euler-Lagrange approach

3.1.1 Gas phase

The gas phase is described in the Eulerian formulation. The governing
equations for the gas phase are similar to those applied by Attili et al. [110].
The gas phase equations include source terms due to the coupling with the
particles similar to those employed by Sirignano [111], Bai et al. [87], and
Rieth et al. [82]. The balance of mass, species, momentum, and energy leads
to the following equations:

∂ρg

∂t
+ ∂

∂xβ
(ρgUg,β) = Ṡm, (3.1)

∂ρgYi

∂t
+ ∂

∂xβ
(ρg (Ug,β + Vβ,i) Yi) = Mi + ṠYi

, (3.2)

∂ρgUg,α

∂t
+ ∂

∂xβ
(ρgUg,αUg,β) = − ∂Π

∂xα
+ ∂ταβ

∂xβ
+ ṠU ,α, (3.3)

Cp,g
∂ρgTg

∂t
+ Cp,g

∂

∂xβ
(ρgUg,βTg) = −ρg

∂Tg

∂xβ

n∑
i

Cp,g,iYiVβ,i

+ ∂

∂xβ

(
λg

∂Tg

∂xβ

)
+ Qg + ṠT . (3.4)

Here, ρg is the density of the gas phase, Ug,β the gas velocity in β direction,
and Ṡm the rate of mass released from particles. For the ith species in the gas
phase, Yi is the mass fraction and Vβ,i the diffusion velocity in β direction,
which is calculated from the Curtiss-Hirschfelder approximation [112]. Mi

is the species production rate due to chemical reactions in the gas phase,
while ṠYi accounts for the production rate of the ith species due to the release
of vapor and volatiles from particles. ταβ is the viscous stress tensor and
Ṡu,α refers to the momentum source term in the α direction originating from
particle motion. Π is the pressure that enforces mass conservation through
the Poisson equation within the low-Mach formulation [113] adopted in the
present work. Tg is the gas temperature, λg the thermal conductivity, Cp,g
the specific heat of the gas phase at constant pressure. Qg accounts for the
rate of heat released from the homogeneous reactions in the gas phase and
ṠT refers to the rate of thermal energy exchange between the gas phase and
coal particles. The physical models for Ṡm, ṠYi , ṠU ,α, and ṠT are described
in section 3.1.3. Chemical reactions in the gas phase are modeled with finite
rate chemistry adopting the GRI 3.0 mechanism [114].
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3.1 Models and numerical methods

3.1.2 Particle phase

3.1.2.1 Lagrangian equations

Coal is modeled as a collection of point particles within the Lagrangian
framework. Particle equations are similar to those applied by Miller and
Bellan [115] to model liquid droplet evaporation. The trajectory, velocity,
mass, and temperature of each particle are computed from the following
equations:

dxk
p,α

dt
= Uk

p,α, (3.5)

dUk
p,α

dt
= fk

d

18μg

(
Ug,α − Uk

p,α
)

ρg(Dk
p)2 , (3.6)

dmk
p

dt
= ṁk

p,e + ṁk
p,d, (3.7)

Ck
p mk

p

dT k
p

dt
= ṁk

p,eΔHe + ṁk
p,dΔHd + Ψk

p,c + Ψk
p,r, (3.8)

where for the kth particle, mk
p is the total particle mass and Dk

p its diameter.
xk

p,α refers to the particle position and Uk
p,α to the velocity along the α

direction. In Eq. (3.6), fk
d is a correction coefficient which accounts for the

effect of the Stefan flow on the drag force and is computed as:

fk
d = 1 + 0.0545Rek

s + 0.1(1 − 0.03Rek
s)

√
Rek

s

1 + κ1(Rek
b )κ2

, (3.9)

Rek
s = ρgDk

p

∣∣Ug,α − Uk
p,α

∣∣
μg

, (3.10)

Rek
b = 1

πDk
pμg

∣∣∣∣∣dmk
p

dt

∣∣∣∣∣ , (3.11)

κ1 = 0.09 + 0.077 exp(−0.4Rek
s), (3.12)

κ2 = 0.4 + 0.77 exp(−0.04Rek
s), (3.13)

where Rek
s and Rek

b refer to the slip and blowing Reynolds numbers, re-
spectively. Equation (3.9) is an empirical correlation applied by Miller and
Bellan [115] as a fit to the simulation results of Cliffe and Lever [116].

In Eq. (3.7), the particle mass is reduced due to the evaporation and de-
volatilization processes by ṁk

p,e and ṁk
p,d, respectively. The applied models for
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3 Ignition of coal particles with an Euler-Lagrange approach

evaporation and devolatilization are explained in section 3.1.2.2 and 3.1.2.3.

In Eq. (3.8), the first and second term on the right hand side refer to the
required energy for the evaporation and devolatilization processes. ΔHe is
the heat of evaporation and ΔHd the heat of devolatilization. The term
Ψk

p,c accounts for the energy transfer by convection and conduction between
the particle and the surrounding gas, while the term Ψk

p,r accounts for the
energy transfer due to radiation. These processes are treated similarly to
those applied by Sirignano [111] and Bai et al. [87] as :

Ψk
p,c = Ak

p

λgNu

Dk
p

(Tg − Tp)
(

Bk
h

exp(Bk
h) − 1

)
, (3.14)

Ψk
p,r = Ak

pσεp

(
T 4

w − T 4
p

)
, (3.15)

where Nu is the Nusselt number computed by Ranz and Marshall [117, 118] as
Nu = 2 + 0.552Rek

s
0.5

Pr0.333, with Pr = 0.7. Ak
p is the particle surface area

and Tw is assumed to be 500 K, which is similar to the typical temperature
of industrial burner walls. εp = 0.7 and σ = 5.6 × 10−8 W/(m2K4) are the
emissivity and the Stefan-Boltzmann constant, respectively. The heat transfer
number Bk

h is computed as Bk
h = Cgṁk

p/(2πDk
pλg).

3.1.2.2 Evaporation model

The evaporation rate of water, ṁk
p,e is computed using a spherical water drop

model as:

ṁk
p,e = πShDk

pDH2Oρg

(
xH2O,s − xH2O,∞

1 − xH2O,s

) (
Bk

m

exp(Bk
m) − 1

)
, (3.16)

Bk
m =

ṁk
p,e

2πDk
pρgDH2O

, (3.17)

where Sh is the Sherwood number computed by Ranz and Marshall [117, 118]
as Sh = 2 + 0.552Rek

s
0.5

Sc0.333, with Sc = 0.7. DH2O refers to the diffusion
coefficient of the water vapor. The mole fraction of water at the particle
surface, xH2O,s is computed as the ratio of the water vapor pressure to the
total pressure xH2O,s = PH2O/P , where P is the thermodynamic pressure and
PH2O the Antoine pressure which is computed as PH2O = exp

(
A − B

T +C

)
,

with A = 18.3036 mmHg, B = 3816.44 mmHg K, and C = −46.13 K [119].

For each particle, the particle diameter Dp remains constant in time, while
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3.1 Models and numerical methods

the particle density reduces due to mass loss caused by evaporation and de-
volatilization processes. A constant particle diameter is a reasonable assump-
tion in the current study, as only devolatilization and ignition that happen
during the early stage of coal combustion, are considered. This assumption
is also consistent with the numerical studies performed by Goshayeshi and
Sutherland [57] and Tufano et al. [58].

3.1.2.3 Devolatilization model

To compute the devolatilization rate ṁk
p,d for each particle, the chemical

percolation devolatilization (CPD) model [46] is applied. The CPD model
describes the devolatilization phase according to the coal molecular structure.
Figure 3.1 schematically shows the devolatilization process in the CPD model
according to the molecular structure. The coal lattice contains aromatic rings
connected by stable and labile bridges. One aromatic ring or a group of
neighboring aromatic rings are referred to as node in the CPD model. Stable
bridges mainly appear within the (so-called) infinite fragments of aromatic
rings that continue from one side of the lattice to the other side. In the coal
lattice, infinite fragments are referred to as char. The labile bridges can break
by exposing the coal lattice to the external energy during devolatilization.
Breaking of the labile bridges between side chains and aromatic rings results
in the release of light gases. However, breaking of labile bridges between
aromatic rings forms finite fragments. Finite fragments with lower molecular
weight are vaporized as tar, while the heavier fragments remain in the lattice
and form metaplast, which can be converted to char by a cross-linking process.
As Fig. 3.1 shows, the CPD model computes the formation rate of the char,
tar, and light gases inside the coal lattice. Therefore, the devolatilization rate
of the kth particle, ṁp,d, can then be computed by adding the formation rate
of the tar and light gases.

Evolution of the coal lattice is used to describe the formation of light gases,
tar, metaplast, and char from the parent coal. Figure 3.2 shows the chemical
reaction pathway corresponding to the bridge breaking mechanism applied in
the CPD model. The chemical reaction pathway begins by breaking a labile
bridge L into a highly reactive intermediate bridge L∗ with the reaction rate
constant kb. The intermediate bridge L∗ can then be consumed by two further
reactions. In the first reaction, with the rate kδ, L∗ is converted to two side
chains that consequently form a first type of gaseous species g1. In the second
reaction, with the rate kc, L∗ forms a stable bridge in char structure and
releases a second type of gaseous species g2. Solving a system of ordinary
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Figure 3.1: Schematic of the coal molecular structure and devolatilization process
in the CPD model. The coal molecular structure is a modification of [120].

54



3.1 Models and numerical methods

k
δ

k b

kg

£

2δ 2g1

c + 2g2

£*

k c

Figure 3.2: The chemical reaction pathway applied in the CPD model.

differential equations yields the fractions of the broken bridges, side chains
and light gases. To compute the fraction of the finite fragments (tar) from the
number of the broken bridges, the CPD model applies the percolation theory.
In the CPD model, the percolation theory is applied to a Bethe lattice to
provide an analytical expression relating the number of broken bridges to the
mass of finite fragments.

Applying the CPD model, the release rate and composition of the light gases
are computed as a function of time according to the study of Jupudi et al. [121].
The light gases consist of CH4, CO, H2O, CO2, and “other gases”. It is
assumed the “other gases” calculated by CPD to be C2H2, similar to the
assumption applied by Jimenez and Gonzalo-Tirado [60] and Goshayeshi and
Sutherland [57]. The rate of tar released is also computed by the CPD model
and it is assumed that tar is only C2H2. This assumption is consistent with
the work of Goshayeshi and Sutherland [57] and Tufano et al. [58] on ignition
of the same coal considered in the present work. To assess the effect of this
assumption on ignition delay, selected ignition cases have been computed
replacing C2H2 with a heavier hydrocarbon, i.e., benzene (C6H6) and no
significant differences in the ignition process have been observed. Ignition
sensitivity to the tar composition is explained in the section 3.2.3.2.

The input parameters for the CPD model are the coordination number of the
coal lattice, the molecular mass of aromatic clusters, the molecular mass of
side chains, and the fraction of broken bridges. In a lattice, the coordination
number refers to the number of possible bridges between a certain node and
its neighboring nodes. The input parameters for the CPD model can be
extracted from 13C NMR spectroscopy measurements of the coal molecular
structure. The 13C NMR spectroscopy is an expensive process, and therefore,
the required input parameters for many coal types are not available. Genetti
et al. [122] developed a non-linear correlation according to 13C NMR data
of 30 coal samples. The developed correlation yields required CPD input
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3 Ignition of coal particles with an Euler-Lagrange approach

parameters from the ultimate and proximate analysis of coal.

Proximate analysis
wr.%,as rec’d wt.% dry

Moisture 1.4
Ash 6.9 7.0

Volatiles 35.4 35.9
Fixed carbon 56.3 57.1

Ultimate analysis
wr.% dry wt.% daf

C 77.2 82.9
H 5.2 5.6
O 7.2 7.7
N 1.5 1.6
S 2.0 2.2

Table 3.1: Proximate and ultimate analysis of the Pittsburgh coal [47] employed
in the present study.
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Figure 3.3: The interpolation mesh applied in the CPD model to compute light gas
composition reported by [123] and [121]. The Pittsburgh coal, used in the current
study, is marked on the interpolation mesh.
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3.1 Models and numerical methods

3.1.2.4 Coal type

The Pittsburgh coal used by Liu et at. [47], has been employed for the
current study. The proximate and ultimate analysis of this coal is shown in
Tab. 3.1. The current Pittsburg coal is in the validity range of the CPD model.
Figure 3.3 shows the interpolation mesh for the light gas composition in the
CPD model. The current Pittsburg coal is marked within the interpolation
mesh of O/C and H/C molar ratios.

3.1.3 Interphase coupling

In the current study, equations of the particle and gas phase are fully coupled.
Figure 3.4 schematically shows the applied coupling approach. The gas phase

particle

source terms

far field quantities

phase
gas

phase

distribution length: L

filtering length: L

dist

filt

Figure 3.4: Schematic of the applied interphase coupling approach.

is coupled to the particles through the source terms appearing in Eq. (3.1)-
(3.4) at each computational cell with volume ΔΩg. The source terms for mass,
species, momentum, and energy are computed as:

Ṡm = − 1
ΔΩg

np∑
k=1

φk
p

(
dmk

p

dt

)
, (3.18)

ṠYi = − 1
ΔΩg

np∑
k=1

φk
p

(
dmk

p,d,i

dt
+

dmk
p,e,i

dt

)
, (3.19)

ṠU ,α = − 1
ΔΩg

np∑
k=1

φk
p

(
dmk

p

dt
Uk

p,α + mk
p

dUk
p,α

dt

)
, (3.20)
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ṠT = − 1
ΔΩg

np∑
k=1

φk
p

(
dmk

p

dt
Ck

p T k
p + Ψ̇k

p,c

)
, (3.21)

where np refers to the total number of particles in the domain and φk is a
distribution coefficient for the source terms of the kth particle. φk is computed
from a Gaussian function with a characteristic width Ld, centered at the kth

particle. This approach is similar to the approach used by Apte et al. [124].
The distribution length Ld is set to 2Dp, where Dp is the particle diameter.
All simulations were performed using a uniform grid with a cell size Δx, equal
to the particle diameter. Increasing Ld from Dp up to 5Dp (corresponding to
a volume of 125Δx3) changes the ignition delay by less than 10%. With the
bigger values of Ld, the source term is distributed far beyond the reaction
zone around each particle, which leads to a significant influence on the ignition
delay time.

The particles are coupled to the gas phase through the gas phase quantities
required in the particle equations. In the Lagrangian-Eulerian approach,
particle equations are derived according to the film model assuming a uniform
gas field around the particle. To evaluate the state of the particle surrounding
consistently with the film model, a filter is applied to provide smoother gas
phase fields. The quantities required from the gas phase are averaged within a
cube with side length Lf , centered at the particle location. Sensitivity studies
showed that the filter length does not have any significant effect on the results.

3.1.4 Numerical methods

The governing equations are implemented and solved using a semi-implicit
finite difference numerical method [98]. Similar to the approach applied in the
second chapter, the scalar equations (Eqs. (3.2) and (3.4)) are first advanced
for the species mass fractions and temperature using the Strang splitting
approach [99]. Strang splitting is performed by applying two independent
operators referred to as transport operator, which includes convective, diffusive,
and particle source terms, and chemistry operator, which accounts for the
source term due to the homogeneous reactions. Accordingly, Eqs. (3.2) and
(3.4) are solved for half (time step) transport, then full (time step) chemistry,
and finally half (time step) transport. The transport step is performed using
a third order WENO scheme [101] for the convective terms and a second
order central difference scheme [98] for the diffusive terms. The chemistry
step is advanced using the CVODE solver of the Sundials library [125]. After
updating the species mass fractions and temperature, the density is updated
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3.2 Validation

using the equation of state. The momentum equation is solved applying a
second order central difference scheme [98] and the Poisson equation (derived
from Eqs. (3.1) and (3.3) using the low-Mach assumption) is solved applying
the multi-grid solver of HYPRE [102]. The Crank-Nicolson method is applied
for time advancement along with an iterative predictor-corrector scheme
similar to the method developed by Kim and Moin [126]. To update the
particle state, position, and the source terms for the gas phase equations, the
particle equations are advanced using a two stages Runge-Kutta solver with
second order of accuracy. The particle equations are only advanced in the
beginning of the time step and the particle source terms (in the gas phase
equations) are then constant during the first and second transport steps.

3.2 Validation

Since modeling ignition and combustion of coal particles requires a significant
number of physical models and simplifying assumptions, a comparison with
available experimental measurements [47] and previously published numerical
results [57] is presented in this section.

3.2.1 Experimental setup

Validation is performed by comparing the computed ignition delay time τigni
with the experimental data provided in the study of Liu et al. [47]. Their
experiments were performed in the laminar entrained flow reactor at Sandia
National Laboratories. In their reactor, a diffusion flamelet-based Hencken
burner is used so that a gas flow with high temperature and velocity can be
provided. A 5cm × 5cm square glass isolates the reactor from surrounding air
and provides optical access for experimental measurements. In the experiment,
particles are injected with a carrier gas from a thin tube with diameter
Dtube = 0.75 mm located at the center of the burner inlet. In addition, the
hot gas oxidizer (coflow) enters the furnace and rapidly mixes with the carrier
gas providing the energy for particle heating.

Liu et al. [47] experimentally studied the particle feeding rate effect on
the ignition delay time under various conditions. Figure 3.5 shows their
photographs of igniting and burning streams of the Pittsburgh coal with
particle diameter within 75 to 105 μm in Sandia’s laminar entrained flow
reactor with the initial gas temperature of 1320 K. Liu et al. [47] varied the
coal feeding rate from 0.005 to 1 g/min in order to cover transition from single
particle to group ignition. In their experiments, ignition mainly happens
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3 Ignition of coal particles with an Euler-Lagrange approach

at the height of 50Dtube from the inlet or above. They computed ignition
delay time by measuring ignition location and assuming a constant velocity
of 2.5 m/s along the vertical centerline of the burner. In the experiment [47],
the ignition location is defined as the height above the burner where the
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Figure 3.5: Photographs of igniting and burning streams of the Pittsburgh coal
with particle diameters within 75 to 105 μm in Sandia’s laminar entrained flow
reactor with the initial gas temperature of 1320 K. The particle feeding rate is
increasing from left to right. The lowest particle feeding rate of 0.0005 g/min
represents single particle combustion. This image is taken from the experimental
study by Liu et al. [47], where more details about the experimental setup can be
found.
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CH intensity reaches half of its maximum value. The measured ignition
delay times for the cases with very low particle feeding rate of 0.005 g/min
correspond to the single particle ignition, and are mainly considered here.

3.2.2 Numerical configurations

Ignition and combustion of coal particles in the laminar entrained burner
depend on the interactions between particles, combustion, and mixing of
the coflow and carrier gas. Figure 3.6 schematically shows four possible
numerical configurations to compute coal combustion in the laminar entrained
flow reactor. In configuration i, single particle combustion is considered in a
periodic cube. In this configuration, particle/combustion interactions can be
investigated. In configuration ii, combustion of a particle group is considered
in a single hot gas flow. In this configuration, particle/particle/combustion
interactions can be studied. Differently from configurations i and ii, config-
uration iii and iv include mixing between particle carrier gas and coflow to
capture particle/particle/combustion/mixing interactions. Due to simplicity,
configurations i and ii require less computational effort and are more appropri-

Figure 3.6: Schematic of the possible configurations; i, ii, iii, iv to study coal
combustion. Configuration i and ii are the objective of the current study.
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3 Ignition of coal particles with an Euler-Lagrange approach

ate to perform validation for a larger set of conditions. Therefore, to validate
the current model with the experimental measurements of the ignition time
at very low feeding rate, configuration i is applied. In configuration i, it is
assumed that in the experiment, the carrier gas has the same properties as
the coflow and particle slip velocity is negligible. Uncertainties regarding
these assumptions are discussed in section 3.2.3.1. Figure 3.7 represents the
applied numerical configuration, where a single coal particle with the diameter
Dp is located at the center of a periodic cube with side length Lx = 61Dp,
Ly = 61Dp, and Lz = 61Dp in x, y, and z directions, respectively. The
periodic cube consists of the stationary gas with the same initial composition
and temperature as the coflow of the experiment.

Ignition delay time is computed for a large set of conditions, varying particle
size (55−125 μm), initial gas temperature (1200−1670 K), and diluent in the
gas phase (N2 and CO2). Cases A, B, and C are used for a detailed validation
against experimentally measured ignition delay time data by Liu et al. [47].

Figure 3.7: Applied numerical configuration, which includes a periodic cube with
side length 61Dp, where Dp is the diameter of the coal particle located in the middle
of the cube. The numerical domain is discretized by a uniform grid with cell length
Δx = Dp.
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3.2 Validation

Case A(1-7) B(1-6) C(1-6) Air(1-15) Oxy(1-15)
Dp [μm] 55-125 90 90 55-125 55-125
Tg [K] 1320 1200-1670 1200-1670 1175-1500 1175-1500
XN2 [-] 0.464 0.384 0 0.684 0

XCO2 [-] 0.3 0.3 0.684 0 0.684
XO2 [-] 0.12 0.2 0.2 0.2 0.2

Table 3.2: Conditions for all the particle ignition cases considered: particle diameter
Dp, initial gas temperature Tg, and gas-phase species mole fractions Xi. In all
cases, gaseous mixture contains steam with the value of 0.116 and the initial particle
temperature is 300 K.

These cases are labelled A(1-7), B(1-6), and C(1-6) in Tab. 3.2. In cases
A(1-7), the particle diameter is varied keeping the gas-phase properties con-
stant; in cases B(1-6) and C(1-6), the initial gas temperature is changed. In
addition, the N2 species in B(1-6) is replaced by CO2 in C(1-6).

In order to compare the results in a consistent way, the ignition delay time
τigni is computed with the same criteria used by Liu et al. [47] and Goshayeshi
and Sutherland [57]. In the experiment [47], the ignition delay time is defined
as the time at which the CH intensity reaches half of its maximum value.
The ignition delay time is also computed according to the evolution of the
maximum mass fraction of CH radical. An error bar for this computation is
defined by the width of an interval from the first sharp increase in YCH,max
to the time when YCH,max reaches its peak. Figure 3.8 shows the ignition
delay times for various particle diameters (55 − 125 μm). This plot includes
results from the current study compared with those from the numerical study
by Goshayeshi and Sutherland [57] together with experimental data by Liu
et al. [47]. Computed results are in good agreement with both numerical
and experimental studies. Figure 3.8 also shows the ignition delay times for
different values of the initial gas temperature (1200 − 1670 K). The present
results agree well with the numerical simulations of Goshayeshi and Suther-
land [57] and with experimental data. Furthermore, the cases C(1-6) with
CO2 as diluent are considered. Also for these cases, the present results are in
close agreement with the experimental measurements.
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Figure 3.8: Ignition delay times at various particle diameters in cases A(1-7), and
at various initial gas temperatures in cases B(1-6) and C(1-6). These cases are
defined in Tab. 3.2. Results from the Current study are compared with experimental
data reported by Liu et al. [47] and numerical data by Goshayeshi and Sutherland
[57].
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3.2.3 Error analysis

Here, the uncertainties regarding assumptions about the numerical configura-
tion and tar composition will be discussed.

3.2.3.1 Numerical setup

The applied models are validated by comparing computed ignition delay times
of a coal particle in a periodic cube with the measured ignition delay times
from experiments by Liu et al. [47]. However, the particle in box configuration
is simplified and assumes fast mixing of the carrier stream with the hot
gas so that negligible relative velocity is reached quickly. To assess these
assumptions, additional simulations are performed considering the mixing
process as well. To quantify uncertainties due to the numerical approach and
the approximation in the configuration setting, particle ignition is computed in
two additional cases with an inlet-outlet set-up, similar to the experiment by
Liu et al. [47]. As it is shown in Fig. 3.9, these two cases have 3-D inlet-outlet
configuration and are employed in order to test the simplification of a periodic
domain for case A(4), defined in Tab. 3.2.

For the first case (on the left side of Fig. 3.9), a single coal particle is injected
from the inlet boundary with a jet of carrier gas that differs in terms of gas
composition, temperature, and velocity from the surrounding coflow. For the
second case (on the right side of Fig. 3.9), rapid mixing between carrier gas and
coflow is assumed, and the particle is injected with the carrier gas having the
same composition, temperature, and velocity as the coflow. The second case
is very similar to the configuration used by Goshayeshi and Sutherland [57].

Fig. 3.9 shows the computed gas temperature at different heights of the burner
(and corresponding times) for both configurations. The coal particle is marked
with a black circle at each time in the corresponding 2-D plot of the gas
temperature. In the first case, the particle is moving slightly slower and the
surrounding gas has lower temperature. The reason is the lower velocity
and temperature of the carrier gas in the first case, which is similar to the
experimental setup. To assess the assumption in the validation configuration,
the ignition delay time for both cases can be compared with that for the
particle in the box configuration in Tab. 3.3. The computed ignition delay
time in the first case is 9% higher than that of the particle in a box (case A(4)).
This extra time is required for mixing between the carrier stream and the
ambient gas inside the burner. Due to the very low particle Reynolds number,
ignition delay in the second case is only 1% higher than that computed for
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3 Ignition of coal particles with an Euler-Lagrange approach

the particle in the periodic box, i.e., case A(4).

3.2.3.2 Tar composition

In order to assess the effect of the choice of the gas species released as tar,
single particle ignition in the A(4) case has been performed employing a
heavier hydrocarbon as tar species.

First, it should be noted that, in a purely gas-phase setting, C2H2 is char-
acterized by a significantly shorter ignition delay time compared to heavier
hydrocarbons. Therefore, 0-D simulations are performed to compare igni-
tion delay times of C2H2 and benzene (C6H6) in a gaseous mixture without
particle. Figure 3.10 shows that C6H6 ignites around 10 times slower than
C2H2. Figure 3.10 also shows that both C6H6 and C2H2 mixtures have a
significantly shorter ignition delay time than that observed in the particle
simulations. This observation suggests that the kinetics of the homogeneous
reactions might play a relatively small role in the ignition of coal particles.

To investigate this point, simulations of particle ignition are performed using
C6H6 as tar. Figure 3.11 shows the evolution of the particle and gas temper-
ature together with the devolatilization rate for the cases with C2H2, and
C6H6 as tar species. The ignition delay time for each case is marked with a
vertical line in Fig 3.11. In the case with C6H6, all the quantities evolve very
similarly to the case with C2H2. Overall, replacing C2H2 by C6H6 increases
ignition delay time by less than 3%.

In fact, the ignition delay time is mainly controlled by the time required for
particle heating. In order to start volatile release, the particle temperature
should be around 800 K. The time required to reach this temperature, is more
than 10 ms, which is much larger than the characteristic time for ignition
of C2H2 and C6H6, as shown in Fig. 3.10. Therefore, ignition delay time of
particles shows very low sensitivity with respect to the choice of tar composi-
tion. In fact, for the coal type in the current study, the ignition delay time is

Configuration τigni [ms]
Inlet-outlet (w mixing) 17.6
Inlet-outlet (wo mixing) 16.2

Particle in box 16.0
Table 3.3: Ignition delay time of case A(4) in inlet-outlet configurations and
stationary particle in a periodic box.
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Figure 3.9: The left configuration represents Sandia’s laminar entrained flow reactor
including the mixing process between carrier and coflow similar to the experiment
performed by Liu et al. [47]. In the right configuration, the mixing process between
the carrier and coflow gases is excluded and the particle carrier gas is assumed to
have the same temperature, composition, and velocity as the coflow gas. Computed
gas temperature at different heights of the burner (and corresponding times) can be
compared between the configurations.
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mainly controlled by the time required for particle heating. For other coal
types, which are also characterized by an ignition delay time dominated by
the characteristic time required for particle heating, it is speculated that the
conclusion regarding the choice of C2H2 as tar holds true.

3.3 Single particle ignition

Coal ignition is first studied by applying the single particle configuration
to exclude particle/particle interactions. Ignition of the single coal particle
is considered in both air and oxy-atmosphere. To perform a comprehen-
sive comparison between air and oxy-atmosphere, coal ignition is computed
for 30 different cases. These cases are defined in Tab. 3.2 as Air(1-15) in
N2/O2/H2O and Oxy(1-15) in CO2/O2/H2O mixtures referred to as air and
oxy-atmosphere, respectively. In each case, a single coal particle is located
in the middle of a 3-D periodic cube, similar to the configuration in Fig. 3.7
that was applied for the model validation. For both Air and Oxy cases, a
large set of conditions is covered by varying particle size from 55 to 125 μm
and initial gas temperature from 1175 to 1500 K.

0.01

0.1

1

10

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

C2H2
C6H6

Figure 3.10: 0-D ignition delay time of C2H2 and C6H6 in a gaseous mixture
without particle, at gas temperature of 1300 K under different fuel/oxidizer φ
rations ranged from 0.1 to 1.
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Figure 3.11: Evolution of Tp the particle temperature and Tg,max the maximum
gas temperature together with mvol the devolatilization rate for cases with C2H2,
and C6H6 as tar species.
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Figure 3.12: Distribution of gas temperature, mass fraction of O2 and OH around
the coal particle from time t = 14 to 25 ms for case A(4) defined in Tab. 3.2 with
particle diameter Dp = 90 μm.

3.3.1 Results and discussions

3.3.1.1 Volatile flame evolution

The ignition and development of a typical volatile flame is shown in Fig. 3.12
for the case A(4). The particle diameter considered is Dp = 90 μm and the
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initial gas temperature is Tg = 1320 K. The properties of the hot ambient
gas are defined in Tab. 3.2. The flame front initially forms in the vicinity
of the particle and then moves outwards. At t = 16 ms, the flame weakens
and moves slightly towards the particle. A decrease in the temperature and
the OH mass fraction are observed during this phase. As time progresses,
the temperature and radical mass fractions increase again and remain rather
stable for a few milliseconds. After t = 22 ms, the volatile flame begins to
extinguish.

To understand the process of volatile flame formation, the evolution of selected
quantities are shown in Fig. 3.13 for the two cases A(4) and B(1). These cases
differ in the initial temperature and oxygen concentration in the gas phase.
The two cases are compared as they show a different mechanism for the ignition
of gas phase reactions. The volatile flame evolves faster in the A(4) case, due
to the higher initial gas temperature. In both cases, the particle temperature
increases due to the energy transfer from the surrounding gas. Approaching a
certain particle temperature, enough bounds inside the coal network break
and volatile gases begin to be released from the particle. The released volatiles
diffuse away from the particle towards the hot oxidizer and form a volatile
flame. The heat released from the volatile flame rapidly increases the gas phase
temperature. The elevated temperature of the surrounding gas accelerates
particle heating and consequently the devolatilization process is enhanced.

3.3.1.2 Double peak profile

Within the early stage of devolatilization, the rate of devolatilization mvol
shows two distinct peaks. This typical behavior is explained by Yang et
al. [48] in the context of the CPD model. The first peak is due to the release
of light tar compounds not initially connected with the coal lattice. The
second peak is caused by the release of heavier tar compounds due to the
cleavage of the bridges between aromatic clusters. For the case A(4), the
double peak in the devolatilization rate mvol results in two distinct peaks also
in the maximum gas temperature Tg,max. On the contrary, the double peak
profile is not present in the gas temperature profile for the case B(1). Due
to the lower initial gas temperature of case B(1), the particle does not ignite
when the first part of the volatiles is released and ignition occurs only at the
onset of the second peak of the devolatilization rate mvol. This is evident from
the profile of heat released from gas-phase combustion Qg, which is negligible
for the entire duration of the first volatile release. It is worth noting that the
much longer ignition delay time observed for case B(1) compared to A(4), is

71



3 Ignition of coal particles with an Euler-Lagrange approach

mostly related to the lack of ignition during the first release of volatile matter.
If ignition happened during the first volatile release also for case B(1), the
ignition delay time would be much shorter and close to the value obtained
for case A(4). In addition, it is clear that ignition cannot be predicted solely
from the devolatilization rate, but the diffusive-reactive processes in the gas
phase need to be included.
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Figure 3.13: Evolution of the particle temperature Tp, rate of volatile release mvol,
maximum heat release rate from combustion in the gas-phase Qg,max, and maximum
temperature of the gas phase Tg,max for case studies A(4) and B(1). In both cases,
particle diameter is 90 μm. Case A(4) has initial gas temperature of 1320 K and
oxygen mole fraction of 0.12, while in case B(1), initial temperature is 1200 K and
oxygen mole fraction 0.2.
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In order to provide more details on the role of the gas-phase flame on the
process, the results are compared with two cases at the same conditions and
for which the gas-phase combustion is artificially suppressed (shown as "wo
combust" in Fig. 3.13. The double peak behavior in the devolatilization rate
is still present, proving that it is due to the devolatilization process modeled
with the CPD approach. However, the heat release from gas-phase combustion
significantly increases the maximum value of the second peak and shifts its
appearance to a slightly earlier time.

Since the ignition delay time is strongly influenced by the presence (or lack)
of significant heat release during the first peak of the devolatilization rate, it
is of interest to assess the influence of the particle size and ambient conditions
on this phenomenon. From the analysis of the multiple cases described in
Tab. 3.2, it is found that the particle diameter and the initial gas temperature
have strong influence on this process. The abundance of CO2 is also important,
and its effect is described in section 3.3.1.3. Figure 3.14 shows the evolution
of Tg,max for several cases with various particle sizes at the same initial gas
temperature and cases with different initial gas temperatures for the same
particle size. The parametric study reveals that the maximum temperature
in the gas phase Tg,max approaches a double peak profile by increasing the
initial gas temperature, the particle size or both. The double peak in the
gas phase temperature is observed if ignition occurs during the first peak of
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Figure 3.14: Evolution of maximum gas temperature for different cases; varying
initial gas temperature (with Dp = 90 μm) and varying particle size (with initial
Tg = 1250 K). These cases are defined as air in Tab. 3.2.
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devolatilization. The higher initial gas temperature provides more energy to
activate gas phase reactions such that the particle can ignite during the first
peak of volatile release. The larger particle releases more volatile due to the
higher surface area and therefore, enables the ignition at the first peak of
volatile release. Figure 3.14 further shows that the double peak in the flame
temperature profile might be present for cases with short and long ignition
delay time. Furthermore, it is observed that the distance between the two
peaks increases if the diameter of the particle is increased or if the initial
gas temperature is decreased. This analysis might also help to explain the
two peaks observed in some experimental measurements of the gas phase
temperature and species concentration during coal ignition and combustion
[50–52].

3.3.1.3 Ignition in air versus oxy-atmosphere

Figure 3.15 shows the ignition delay time for the air and the oxy-atmosphere
at various particle sizes and gas temperatures. Keeping the initial gas temper-
ature constant, ignition delay times decrease with the particle size. Smaller
particles ignite faster because they have a higher surface to volume ratio
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Figure 3.15: Ignition delay time for various particle diameters and gas phase
temperatures in air and oxy-atmosphere. These cases are defined as Air(1-15) and
Oxy(1-15) in Tab. 3.2.
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composition of air and oxy-atmosphere are defined in Tab. 3.2.

and consequently, heat up faster. For constant particle size, coal particles
ignite faster at higher initial gas temperatures. Higher gas temperatures
accelerate the devolatilization process as well as the chemical reactions in the
gas phase. At lower temperatures and in both atmospheres, the ignition delay
time becomes more sensitive to the variation of the initial gas temperature.
For all gas temperatures and diameters, coal particles require a longer time
to ignite in oxy-atmosphere compared to air. For each particle size, the
difference between air and oxy-atmosphere becomes more significant with
decreasing initial temperature of the gas phase. To understand the reason of
this increased difference, the time evolution of the devolatilization rate for
both air and oxy cases at two different temperatures is shown in Fig. 3.16.
For Tg = 1300 K, coal particles ignite around the first peak of devolatilization
for both atmospheres. For Tg = 1200 K, ignition occurs at the onset of the
second peak of devolatilization. While the location of the first peak does not
change much if the temperature goes from 1300 K to 1200 K, the location of
the second peak is much more sensitive to temperature variations.
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3.3.1.4 Primary reason for delayed ignition in oxy

The slower ignition in oxy-atmosphere can be related to the thermal or
chemical effects induced by the presence of CO2. An increase of ignition delay
in the presence of CO2 was already observed in a number of experiments [17,
41, 47, 53–55], and was ascribed to the higher heat capacity of CO2, its
chemical properties, or a combination of both. To investigate the reason of
the increased ignition delay, a detailed analysis of air and oxy cases with
initial gas temperature of 1200 K is performed.

Figure 3.17 shows the evolution of the maximum gas temperature Tg,max in
both atmospheres. As the coal particle ignites earlier in air atmosphere, the
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Figure 3.17: Evolution of the maximum gas temperature for a 125 μm particle in
air and oxy-atmosphere with the initial temperature Tg = 1200 K.

first sharp increase in Tg,max occurs earlier around t = 38 ms. Notwithstanding
the earlier ignition in air atmosphere, the zoomed view in Fig. 3.17 shows
that, up to t < 38 ms, the oxy-atmosphere case displays a higher temperature
in comparison to the air case. This difference can be explained by the heat
capacity of CO2, which is almost 1.5 times higher than the heat capacity of N2.
During particle heating, for the same amount of energy transfer to the particle,
the gas-phase in the oxy-atmosphere case experiences a smaller temperature
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Figure 3.18: Evolution of H, O, and OH radical mass fractions for a 125 μm
particle in air and oxy-atmosphere with initial temperature Tg = 1200 K.

drop due to the higher heat capacity of CO2. Based on this observation
regarding the gas temperature in the two cases, it is concluded that the higher
heat capacity of CO2 has very little effect on the ignition delay and its effect
would be toward a decrease, if any. However, after the occurrence of ignition,
the higher heat capacity of CO2 together with its chemical effect results in
lower flame temperature in oxy- compared to air atmosphere, consistently
with the analysis by Jimenez and Gonzalo-Tirado [60].

Figure 3.18 shows the evolution of the maximum value of mass fractions of
YH,max YO,max, and YOH,max in both atmospheres. As coal ignites earlier in
air atmosphere, each radical profile shows the sharp increase in air (around
t = 38 ms) earlier than in oxy-atmosphere. Also before ignition, the radical
mass fractions are higher in air atmosphere. Among all radicals, the early
difference in YH,max is most evident. To assess the effect of the presence of CO2
in the chemistry of ignition, a reaction pathway analysis has been performed.
It is found that in oxy-atmosphere, H radicals are strongly consumed by the
reaction R : CO2 + H → CO + OH. Figure 3.19 shows the spatial distribution

77



3 Ignition of coal particles with an Euler-Lagrange approach

of the rate of this reaction, WR, at t = 18, 23, and 28 ms. In comparison
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Figure 3.19: Distribution of reaction rate WR for a 125 μm particle in air and
oxy-atmosphere with initial temperature Tg = 1200 K.

to air atmosphere, WR is almost 1000 times higher in oxy-atmosphere. The
reaction rate WR depends on the gas temperature and the concentrations of H
and CO2 species. In oxy-atmosphere, the rate of reaction is much higher due
to the higher CO2 concentration. In fact, the higher concentration of CO2
causes an almost complete depletion of H radicals. The H radical depletion
decelerates intermediate reactions that are responsible for the production
of O and OH radicals such as O2 + H → OH + O and, consequently, the O
and OH mass fractions are reduced. It is concluded that the presence of
CO2 decreases the reactivity of the mixture by reducing the mass fraction of
radicals (primarily H and consequently O and OH), which results in delayed
ignition.

3.3.1.5 Particle porosity evolution

The particle porosity increases the available surface for the heterogeneous
reactions and allows the diffusion of oxygen into the particle. As a result, the
particle porosity enhances the volumetric burnout rate of the coal particles.
In the current study, the critical influence of the particle porosity on the coal
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burnout rate was observed during computation of the char particle combustion
in the second chapter. In the particle resolved approach, the particle porosity
has been considered in the form of an effectiveness factor, which accelerates
heterogeneous reactions. However, the initial porosity of the char particle
is rarely available in the literature. Therefore, the particle porosity during
devolatilization phase is computed to provide useful insight towards initial
porosity of the char particle.

Here, the evolution of the particle porosity is investigated under air and oxy-
atmosphere considering cases defined in Tab. 3.2. The initial porosity of the
particle is assumed to be zero. In the current model, the particle size remains
constant, while the particle density varies due to the mass loss because of the
devolatilization process. The reduction in particle density is assumed to be
directly related to the increase in particle porosity. Thus, the particle porosity
ε evolves in time as ε(t) = 1 − mp(t)/mp,0, where mp(t) is the particle mass at
the time t, and mp,0 is the initial particle mass. Figure 3.20 shows the particle
porosity evolution in both Air and Oxy cases at initial gas temperature of
1300 K and various particle diameters. Release of volatile accelerates pore
formation and thus particle porosity evolution. In each atmosphere, smaller
particles experiences faster evolution of the porosity. Comparing Oxy and
Air cases shows that porosity of the bigger particles evolves slower under
oxy-atmosphere. As Fig. 3.20 shows, increasing initial gas temperatures from
1300 to 1500 K accelerate the particle porosity evolution due to the faster
devolatilization process. At the end of the devolatilization process of all cases,
the particle porosities become almost 0.5, which can then be referred as the
initial porosity of the char particle.

3.4 Particle group ignition

3.4.1 Configurations

The current study containes coal particle stream ignition and combustion in
a three-dimensional channel configuration under oxy-fuel atmosphere. The
length of the channel in the streamwise direction x, and the spanwise directions
y, and z are Lx = 1000Rp, Ly = 62Rp, and Lz = 62Rp, respectively, where
Rp is the particle radius with a fixed value of 45μm. For all cases presented,
the channel is long enough to ensure that devolatilization is complete when
particles reach the outlet. The domain is discretized using a uniform grid
consisting of cubic cells with size dx equal to the particle diameter. The
channel has inlet and outlet boundaries in the streamwise direction x, while
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Case A1 A2 A3 B1 B3 B4 C3 C4 C5
Ug,in [m/s] 1 1 1 0.5 0.5 0.5 1 1 1
Tg,in [K] 1300 1300 1300 1300 1300 1300 1500 1500 1500

Np,in[108/m3] 1.25 2.0 2.5 1.25 2.5 3.7 2.25 4.0 4.7
Composition XCO2 = 68.4,XO2 = 20, and XH2O = 11.6

Table 3.4: Prescribed inlet conditions for all cases considered: gas velocity Ug,in,
temperature Tg,in, particle number density Np,in, and gas composition in terms of
mole fraction.

periodicity is imposed in the two spanwise directions y and z. Particles
are injected from the inlet into the domain with a hot gas stream. This
configuration is appropriate to study ignition in regions of a typical industrial
burner, where the mixing time is faster than the particle heating time. At the
inlet, the prescribed quantities are: the particle number density Np,in, the
gas temperature Tg,in, the injection velocity Ug,in, and the gas composition,
which in the present study is: 68.4% CO2, 20% O2, and 11.6% H2O in terms
of mole fraction. Particles are injected randomly in time and space with
the same velocity of the gas phase, such that the average particle number
density is imposed at the inlet. Therefore, the rate of the particle injection is
proportional to the prescribed Np,in and Ug,in at the inlet. The investigated
values were selected from simulations of the dispersed region of the lab-scale
coal combustion chamber by Knappstein et al. [127]. Figure 3.21 represents
the computed number density by [127] within the quarl region.

Several cases are considered varying the particle number density Np,in, the
carrier gas temperature Tg,in, and the gas velocity Ug,in at the inlet. These
cases are defined in Tab. 3.4, and named with a letter followed by a number.
The letter A, B, and C refers to the case category with a certain combination
of Tg,in and Ug,in, while the numbers refer to different Np,ins in each category.
Case A1 is computed with a particle stream characterized by a distribution
of particle diameters from 55 to 125 μm, where the average particle diameter
is 90 μm. Very similar ignition delay time to the A1 case with a uniform
particle size of 90 μm was observed. Therefore, the parametric study was
performed by keeping the particle size constant, while varying the particle
number density, gas temperature, and velocity. The simulation is initialized
with only the gas phase in the entire domain at the thermodynamic condition
imposed at the inlet. At time zero, particles start to be injected from the
inlet. In all cases, the initial particle temperature is 300 K.
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3 Ignition of coal particles with an Euler-Lagrange approach

3.4.2 Statistical analysis

Depending on the particle injection rate, the number of particles in the channel
increases until time tp, when the first injected particles leave the channel
through the outlet. At t > tp, the system quickly reaches a statistically
steady state. Steady state is reached when the time and volume average
of all quantities remain constant. A statistical analysis is performed within
an interval of 30 ms after the steady state has been reached. 31 snapshots
separated by 1 ms were collected and volume averaged quantities denoted
as •̃ on the y − z plane at each x location for each time were computed. In
addition, the time and volume averaged quantities denoted as 〈•̃〉 at each x
location were also computed.

As an example, Fig. 3.22 shows the gas temperature distribution for case A1
at five different times in the statistically steady state. Here, Δt is defined
as Δt = t − ts, where ts = 40 ms and refers to the time at which the system

Figure 3.21: Particle number density distribution in the quarl region of a lab-scale
coal combustion chamber studied by Knappstein et al. [127].
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Figure 3.22: Instantaneous distribution of the gas temperature Tg for case A1
defined in Table 3.4 at five different times. The instantaneous volume averaged gas
temperature T̃g is also presented along the x axis from t = 40 − 70 ms for every 1
ms, together with the volume and time averaged gas temperature 〈T̃g〉 shown by a
thicker black line.

reached the statistically steady state. For the A1 case, the inlet velocity is
1 m/s and the distance from inlet to outlet is 44 mm. Assuming a constant
velocity through the channel with the same value as the inlet velocity, the
required time for one flow through the channel is 44 ms. The upper part
of Fig. 3.22 shows the 2D distribution of the gas temperature on the x − y
plane at Δt = 12, 16, 20, 24, and 28 ms. Figure 3.22 also includes the volume
averaged temperature T̃g along the x axis for every 1 ms from ts = 40 to
t = 70 ms together with the time and volume averaged temperature 〈T̃g〉. The
2D distribution of temperature represents different zones; particle heating (Tg

decreases with small fluctuation), ignition (Tg begins to increase), and post-
ignition (Tg increases with large fluctuation). It is worth noting, that in spite
of the fluctuations, ignition happens at approximately the same location for
different times indicating that a statistically steady state has been achieved.
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3.4.3 Results and discussions

3.4.3.1 Ignition at various particle number densities

To study the effect of particle number density on ignition, first the cases A1-A3
defined in Table 3.4 were considered. From case A1 to A3, Np,in increases
while the inlet gas temperature and velocity are identical. For cases A1 and
A3, Fig. 3.23 shows the instantaneous 2D distribution of the gas temperature
Tg, the heat release Qg, and the mass fraction Y of O2 and C2H2 on the
x − y plane. The plot with the Qg distribution includes a projection of all
computational cells containing particles in the whole domain.

Figure 3.23 shows that shortly after injection from the inlet, Tg drops in the
vicinity of particles. The combined effect of multiple particles results in a
significant drop of the average temperature along the streamwise direction
before the ignition location is reached. Gas temperature decreases due to
the energy required for particle heating. Figure 3.23 further indicates a more
significant Tg-drop in the case A3 compared to A1. The larger number of
particles in A3 requires a higher amount of energy for particle heating and
consequently shows a more significant temperature drop in the gas phase.

As particles move forward, their temperature gradually increases by energy
transfer from the gas phase. Approaching a certain temperature, particles
undergo thermal decomposition and begin to release volatile gases. Figure 3.23
shows the distribution of YC2H2 as a representative of the released volatiles
from coal particles. For the current high volatile bituminous coal, devolatiliza-
tion begins with the release of a small amount of light gases, which then
accelerates at higher temperatures when the release of tar starts. Moving
further downstream, at a certain distance from the inlet for each case, volatile
ignition happens where the gas temperature Tg begins to increase. At the
ignition point, Qg substantially increases and enhances Tg as well, while YC2H2

and YO2 are consumed and their values decrease.

Depending on the particle number density, the volatile flame is formed differ-
ently. In case A3 with higher number of particles, a continuous flame region
was observed instead of the spherical flame around particles as in the A1
case. Due to the lower number density in the A1 case, volatiles mainly burn
in diffusion flames formed around each single particle similarly to the single
particle behavior observed by Farazi et al [5]. Consequently, the flame region
becomes wider and more dispersed in case A1 compared to A3.

Figure 3.24(a) shows the evolution of the average gas temperature 〈T̃g〉 for the
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Figure 3.23: 2D distribution of gas temperature Tg, heat release Qg, and the
mass fraction Y of O2 and C2H2 on the x-y plane for A1, A3, B3, C5 cases
defined in Table 3.4. The plot with the Qg distribution includes a projection of all
computational cells containing particles in the whole domain.

three A cases. The ignition location is defined at the point where 〈T̃g〉 begins
to increase and marked with the vertical lines in Fig. 3.24. The ignition point
is located at 16.78 mm for case A1, 20.48 mm in case A2, and 23.81 mm
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Figure 3.24: Distribution of 〈T̃g〉, average particle temperature 〈T̃p〉 (a), heating
rate 〈 ˜̇Tp〉 (b), and devolatilization rate 〈 ˜̇mp,d〉 (c) of A1, A2, and A3 streams. Tp,
Ṫp, and ṁp,d of each particle in stream cases together with the single particle case
are shown in (a), (b), and (c), respectively. For each case, ignition location point is
marked with a vertical line.
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in case A3. Figure 3.24 also shows the ignition location of a case with a
single particle, which was extensively studied in our previous work [5]. In
comparison with the single particle case, the ignition location in the multiple
particle cases is shifted further downstream. In the denser stream, the delay
of the ignition becomes even more pronounced.

Figures 3.24(a) and (b) include the evolution of the particle temperature Tp

and the particle heating rate Ṫp for each particle, together with the time and
volume averaged particle quantities shown by solid lines. As particles are in-
jected into the channel, the particle temperature Tp gradually increases while
the gas temperature 〈T̃g〉 decreases due to the required energy for particle
heating. The energy for particle heating is much higher than the heat required
for the evaporation and devolatilization processes; therefore, they do not play
a significant role. The denser stream has lower 〈T̃g〉, which is caused by the
higher energy demand for heating more particles. As particles are moving
forward, Tp increases more slowly and Ṫg keeps decreasing until the ignition
location. In both the single and multiple particle cases, the particle heating
rate Ṫp decreases because the temperature difference between particles and
the gas phase reduces. However, in the multiple particle cases, in particular
for the denser case, particle heating becomes slower than the one observed
in the single particle case. The lower Ṫp in the denser stream is related to
the overall lower gas temperature, which is a consequence of particle-particle
interaction.

After reaching a certain temperature, particles release a significant amount of
volatiles into the gas phase. The released volatiles burn and heat up the gas
phase. In each case, ignition happens when the heat released from the volatile
flame can compensate the required energy for heating both the particles and
the gas phase. It can be observed from Fig. 3.24(a) that, for each case, ignition
occurs where the particle temperature Tp is around 800 K. After ignition
happens, 〈T̃g〉 begins to increase. As a result, the particle heating rate Ṫp

significantly increases due to the higher temperature of the surrounding gas.
Consequently, particle heating accelerates and particle temperature increases
with a steeper slope. The peak value of Ṫp in case A1 exceeds the maximum
Ṫp value of the single particle case due to the higher gas temperature sur-
rounding the particles. Consequently, at a certain location in the A1 stream,
particle temperature also exceeds the temperature of the single particle case.
Further downstream, after reaching its maximum, the particle heating rate Ṫp

decreases due to the fall in the temperature difference between the particles
and the gas phase.
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Figure 3.24(c) includes the evolution of the particle delolatilization rate, ṁp,d
for each stream and the single particle case. At a certain location, ṁp,d
rapidly increases as particles reach a certain temperature to release volatiles.
In section 3.3.1.2, the presence of a double peak in the devolatilization rate
profile of single particles was discussed, which is mostly due to the dynamics
of tar as described by the CPD model. It was observed that ignition of a
single particle can occur during the first volatile release or at the onset of
the second, depending on the particle size and gas temperature. The double
peak is still present in the cases with particle streams. However, the sharp
first peak in ṁp,d in the single particle case becomes smaller by increasing
particle number density in the multiple particle cases. For denser streams,
the peak value decreases and the first peak is stretched over a wider length.
In addition, the denser stream shows more distance between the first and the
second peak. In the A2 and A3 stream, ignition happens after the first peak
is observed, while in the A1 stream, similar to the single particle case at the
same thermodynamic conditions, ignition happens at the onset of the first
peak. The evolution of ṁp,d in the denser stream is similar to that observed
in the corresponding single particle case which has a lower Tg,in. The first
peak in ṁp,d leads to a more pronounced surge in the 〈T̃g〉 profile in case A1
in comparison to the A2 and A3 cases. This also affects the particle heating
rate in case A1 and Ṫp increases with a two peak profile similar to the single
particle case. In the particle stream cases, the value of 〈 ˜̇mp,d〉 at the second
peak is slightly higher than the corresponding peak in the single particle case.

Figure. 3.25 shows the distribution of the average heat release rate 〈Q̃g〉 and
mass fraction 〈ỸO2〉, and 〈ỸC2H2〉 in the gas phase. In each stream, 〈Q̃g〉 and
〈ỸC2H2〉 show a double peak profile which is due to the double peak in the
devolatilization rate. Similar to the single particle case, the ignition points
are located in the vicinity of the first peak in the 〈Q̃g〉 and 〈ỸC2H2〉 profiles.
At the ignition location, the denser stream has a higher value of 〈ỸC2H2〉. The
higher 〈ỸC2H2〉 in the denser stream forms a fuel rich mixture in the gas phase.
Ignition of a richer fuel mixture rapidly reduces 〈ỸO2〉 and sharply increases
〈Q̃g〉. As a result, the denser stream shows higher first peak values in the
〈Q̃g〉 profile. In the A3 stream, the first peak of 〈Q̃g〉 becomes even higher
than the second peak. This explains the presence of a more continuous flame
in the A3 stream as shown in Fig. 3.23. Consequently, the denser stream
undergoes a steeper increase in the gas temperature profile during ignition
as shown in Fig. 3.24. After the first stage of devolatilization in the A3 case,
oxygen is totally consumed and consequently the devolatilization products
(C2H2) start to accumulate.
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Figure 3.25: Distribution of 〈Q̃g〉, 〈ỸC2H2 〉, and 〈ỸO2 〉 of A1, A2, and A3 streams.
The vertical green line marks the ignition location of the single particle configuration.
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Figure 3.26: Distribution of the time and volume averaged velocity of particle and
gas phase, 〈Ũp〉 and 〈Ũg〉 for A1 and A3 cases. For each case, ignition location is
marked with a vertical line.

3.4.3.2 Velocity distribution of the particle stream

In each stream, the decrease of the gas temperature due to particle heating
alters the distribution of the flow field velocity. Figure 3.26 illustrates the
time and volume averaged velocity of particle and gas phase, 〈Ũg〉 and 〈Ũp〉,
for the A1 and A3 cases. In both cases, the velocity profile shows a similar
trend to that observed for 〈T̃g〉. In each case, 〈Ũg〉 and 〈Ũp〉 decrease moving
from the inlet towards the ignition location due to the decrease of gas-phase
temperature caused by particle heating. Subsequently, due to the release of
heat and temperature increase, 〈Ũg〉 and 〈Ũp〉 begin to increase at the location
where ignition occurs. In comparison to A1, the variation in 〈Ũg〉 and 〈Ũp〉
shows a steeper slope in the A3 case.

Variations in the gas velocity 〈Ũg〉 induce changes of the drag force on particles.
Consequently, the particle velocity 〈Ũp〉 changes as well. In all cases, particles
decelerate/accelerate at a smaller rate than the gas phase. Before ignition,
when the flow field decelerates, 〈Ũp〉 has higher values than 〈Ũg〉. After
ignition, as the flow field accelerates, 〈Ũp〉 becomes lower than 〈Ũg〉. Among
the A cases, the denser stream shows higher mean slip velocity, which is more
than 50% of the prescribed velocity at the inlet. Non homogenous gas and
particle velocity affect the distribution of the particle number density. In each
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3.4 Particle group ignition

stream, in the regions with ∂〈Ũp〉
∂x < 0, the particle number density increases,

while in the regions with ∂〈Ũp〉
∂x > 0, the particle distribution becomes more

dispersed and the particle number density decreases.

3.4.3.3 Ignition delay time of the particle stream

To relate the ignition location to an ignition delay time, a Lagrangian time at
the location x is computed as

tLag(x) =
∫ x

0

1
〈Ũg(ξ)〉dξ. (3.22)

For example, among the A cases, the same location corresponds to later times
in denser streams due to the different evolution of the gas-phase velocity in
the different cases.

The ignition delay time τign is computed for all cases using Eq. (3.22) as

τign = tLag(xign) =
∫ xign

0

1
〈Ũg(ξ)〉dξ, (3.23)

where xign is the ignition location point. In addition, the ignition delay time
similar to the approach typically used by experimentalists (Liu et al [47]) was
also computed, assuming a constant velocity in mapping the measured ignition
location to the ignition time. Assuming a constant velocity everywhere, an
ignition delay time τ ′

ign is also calculated as

τ ′
ign = xign

Ug,in
. (3.24)

The computed ignition delay time using both Eqs. (3.23) and (3.24) is shown
in Fig. 3.27 as a function of the particle number density prescribed at the
inlet. Comparing the multiple particle cases to the single particle case shows
that increasing particle number density increases ignition delay time. In the
A cases, increasing the inlet particle number density up to 3 × 108 increases
ignition delay time by a factor of two compared to that observed in the single
particle ignition. In each stream, the constant velocity assumption (Eq. (3.24))
causes an underestimation of the ignition delay time in comparison to the
ignition delay time computed from the Lagrangian time.

Fig. 3.27 also shows the ignition delay time for the C cases with inlet gas
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Figure 3.27: Ignition delay time versus particle number density Np,in at the inlet
for all cases defined in Tab. 3.4.

temperature of 1500 K, which is 200 K higher than that of the A cases.
Increasing particle number density in the C streams delays ignition less than
for the A cases. The ignition location in C5 is similar to the A1 case, however
the volatile flame is very different. As shown in Fig. 3.23, the volatile flame
in C5 consists of both spherical flame around particles and a clear continuous
flame.

Fig. 3.27 also shows the ignition delay time for the B cases with a different
injection velocity than that of the A cases. In comparison to the A cases,
increasing particle number density increases ignition delay time less in the B
cases. In spite of having the same prescribed gas temperature and particle
number density, it is worth noting that the ignition delay time for the B cases
is significantly lower than the one observed in the A cases. In the A3 and B3
cases, ignition happens earlier in B3. A further detailed analysis on the effect
of the inlet velocity on stream ignition is provided in the following section.

3.4.3.4 Ignition at various inlet velocities

To perform a detailed comparison between the A and B cases, simulations
B3 and A3 are considered, marked with bigger symbols in Fig. 3.27. The
prescribed inlet velocity in the B3 case is half of the one of the A3 case, while
the particle number density and the gas temperature at the inlet are the same
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3.4 Particle group ignition

for both cases. Due to the lower velocity in the B3 case, ignition happens
at a location closer to the inlet in comparison to the A3 case. Assuming a
negligible effect of the slip velocity between the flow and the particles, one
would have expected an ignition location in B3 at half the distance of that
observed in the A3 case, and consequently the same ignition delay time as
the one in A3. However, it was observed that ignition happens earlier than
expected. Besides having a faster ignition, the B3 stream shows also a different
shape of the volatile flame in comparison to A3. Figure. 3.23 illustrates that
the B3 stream shows the presence of spherical flames around particles, which
are not very evident in the A3 case.

For both the B3 and A3 cases, average quantities are plotted versus tLag in
Fig. 3.28. During the particle heating phase, before the onset of ignition
in B3, the drop of 〈T̃g〉 and rise of 〈T̃p〉 for both cases are very similar. In
addition, Fig. 3.28 also shows that before ignition, the devolatilization rate
and mass fraction of CO in the B3 case evolve very similarly to the A3
case. Figure 3.28 includes insets with log-scale plots and the variance of each
quantity for a short time interval before ignition. In comparison to the B3
stream, each quantity evolves with larger variance in the A3 stream. The
larger variance leads to locally higher maximum and lower minimum values
in the gas temperature. It is worth noting that at lower temperatures, the
ignition process is extremely sensitive to variations in the gas temperature as
shown in our previous work [5].

To understand the difference between the variances in the B3 and A3 cases,
selected fields were analyzed in the y−z plane corresponding to the Lagrangian
time tLag = 16, 17, and 18 ms. These Lagrangian times are marked in Fig 3.28
by vertical lines. Figure 3.29 shows a scatter plot of CO and gas temperature
Tg on the y − z plane corresponding to tLag = 16, 17, and 18 ms. The upper
part of each plot belongs to the A3 case, while the lower part represents the
B3 case. To facilitate the comparison, the YCO axis is reversed for the B3 case.
The color of the symbols indicates the heat release rate Qg. Additionally, Tg

and YCO are interpolated at the particle location and are included in Fig. 3.29
by cross symbols for the particles located within a distance less than two
particle diameters from the evaluated plane. The color of the cross indicates
the value of the slip velocity between the particle and the gas-phase at the
particle location.

At tLag = 16 ms, particles are located at points with the highest amount of fuel
and lowest temperature. The rest of the points shown in the figure belongs to
the film around the particles. In the film, the released volatiles from particles
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diffuse into the surroundings and increase YCO, while the energy sink due to
particle heating decreases Tg. The points farther away from the particles have
higher temperature and lower fuel concentration. At the particle locations,
the heat release Qg is very low due to the low temperature (Tg < 1000 K).
On the other hand, heat release shows higher values at points with a gas
temperature higher than 1000 K, which are located in the surrounding of the
particles. It is interesting to observe that the A3 case, which overall ignites
later that B3, is characterized by larger local values of heat release compared
to the B3 case for the Lagrangian time tLag = 16 ms. However, it is found
that at subsequent Lagrangian times (or equivalently, downstream locations)
the heat release in the B3 cases overcomes that in the A3 case and ignition
occurs for the B3 case. This is due to the larger scatter, i.e., larger variance,
of the former. In the A3 case, there is a significant number of points with low
temperature, where the heat released (observed at 16 ms) tends to diffuse,
eventually preventing ignition.

The increased variance and scatter in the A3 case compared to B3 are related
to the larger slip velocity observed for the former case. From the analysis
of the slip velocity values shown in Fig. 3.29, it is evident that the lowest
values of temperature and CO mass fraction at the particle locations in case
A3 correlate with high values of the slip velocity.
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4 Conclusions

In the current study, ignition and combustion of coal particles are numerically
studied in different conditions and configurations. Numerical results are
analyzed to understand the interactions between different phenomena and
to explain different ignition and combustion of coal particles under conven-
tional and oxy-fuel atmospheres. Detailed simulations and discussions for
char burnout and devolatilization phases are provided in the second and third
chapters, respectively.

In the second chapter, combustion of single char particles in a laminar flow
field is investigated with spatially and chemically resolved simulations. The
mass and energy exchanges between the solid particle and the gas phase during
combustion under oxy-atmosphere are studied and compared with the corre-
sponding cases in air. The lower carbon consumption rate in oxy-atmosphere
was found to result from a higher activity of the reaction O2 + H → OH + O,
which consumes O2 in the gas phase faster leading to a shortage of oxygen
for the surface oxidation reaction. The lower heat release from homogeneous
reactions in oxy-atmosphere was explained by the lower carbon consumption
rate. Furthermore, the reduction of CO2 with hydrogen radicals leads to a
substantial formation of CO in the gas phase close to the particle surface. It
was shown that the combination of a lower heat release and higher specific
heat yield lower temperatures in oxy- compared to the air atmosphere. Fur-
thermore, it was shown that for the baseline cases studied, convective and
diffusive Damköhler numbers are always greater than one, which emphasizes
the important role of transport in the current study. The interactions be-
tween transport and chemistry were studied based on a set of simulations
with varying the particle Reynolds number. It was observed that varying
the particle Reynolds number by particle size yields very different results
than by relative velocity, which is because of the simultaneous change in
convective and diffusive Damköhler numbers. Further studies varying the
particle Reynolds number by velocity were carried out to study cases with a
substantial decrease in the convective Damköhler number. It was found that
the fuel consumption rate increases due to the higher Reynolds numbers and
better oxygen supply to the particle up to the point where the Damköhler
number becomes so small that the resulting temperature decrease leads to a
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substantial attenuation of the fuel consumption rate.

In addition, the impact of the surface reactions on the gas flow around a char
particle is investigated at various gas compositions and Reynolds numbers.
The surface reactions yield a Stefan flow velocity, from the particle surface
towards the gas phase, which modifies the flow pattern around the particle.
In order to quantify the impact of surface reactions, a dimensionless Stefan
velocity is considered by dividing the surface-averaged Stefan velocity to the
inlet velocity. The dimensionless Stefan velocity has the highest value at the
gas flow with the lowest relative Reynolds number and the highest oxygen
content. The drag coefficient, is computed for each reactive particle and
the corresponding non-reactive case. The presence of reactions reduces the
value of the drag coefficient. The drag reduction due to combustion is more
pronounced at higher oxygen concentrations and lower Reynolds numbers.
The ratio of the drag coefficient of reactive particle to non-reactive, reveals
an inverse relation with the value of the dimensionless Stefan velocity. In
an attempt to fit the data, an empirical relation between the drag reduction
and the dimensionless Stefan velocity is extracted. This correlation can be
used in large scale oxy-coal combustion simulations with the point particle
assumption to account for the Stefan convection and modify the acting drag
force on the particles.

In the third chapter, particle ignition is investigated using the CPD method
coupled with detailed chemistry within an Euler-Lagrange framework. A large
set of numerical simulations based on detailed sub-models for the description
of coal particle ignition in a hot gas atmosphere has been performed. The
numerical results were validated against a series of experiments in a laminar
entrained flow reactor. The evolution of the volatile flame, resulting from the
ignition of the volatile gas released by the particle, is described. A double
peek profile in the time evolution of tar release rate is observed and the effect
on the gas-phase combustion is assessed. It is found that ignition can be
strongly influenced by the presence of the two distinct peaks. In particular,
it is observed that ignition occurs with the appearance of the first peak of
the devolatilization rate for high gas temperature and large particles, while it
is delayed until the second peak for low values of the gas temperature and
small particles. If ignition occurs during the first devolatilization peak, two
distinct peaks are also observed in the evolution of the maximum gas-phase
temperature and species concentration. Coal ignition in mixtures with signifi-
cant amounts of CO2 diluent is slower compared to the case in standard air
environment. It is found that this difference is more significant approaching
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lower initial gas temperature and that the primary effect of CO2 on ignition
originates from its tendency to suppress radical formation.

In addition to the single particle, the ignition process of particle streams
in oxy-atmosphere has also been simulated. The ignition delay time has
been determined for different cases of varying particle number density, gas
temperature, and injection velocity. While many fundamental experiments
study ignition of coal particles in a cold carrier gas injected into a hot coflow,
the current configuration seeds coal particles directly into a hot oxidizer
stream. Therefore, this configuration is appropriate to study ignition in
regions of the burner with fast mixing time in comparison to the particle
heating time. Eliminating the coflow stream in the current configuration, we
observed differences with respect to some fundamental experiments using hot
coflow, where ignition delay time first decreases until it reaches a minimum
and then increases by increasing particle number density. In the present
configuration, we observed that increasing particle number density shifts the
ignition location downstream and increases ignition delay time. This is mainly
caused by the lower gas temperature due to the higher energy required for
particle heating. Increasing the particle number density affects the volatile
flame shape, devolatilization rate, velocity profile, and particle distribution.
The generated data can be used to empirically model the influence of the
particle-particle interactions on the ignition delay time. Finally, we found
that at the same gas temperature and particle number density, faster streams
show longer ignition delay times, which originates from larger variances in
the gas temperature and composition. Larger variances are caused by higher
particle slip velocity in the faster stream. Higher particle slip velocities lead
to a locally low volatile concentration and low temperature, and consequently
increase ignition delay time.
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