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In this paper, individual coal particle combustion under laminar conditions is simulated using models
with various levels of complexity for the particle and gas phase chemical kinetics. The mass, momentum
and energy governing equations are fully coupled between the particle and the gas phase. In the gas
phase, detailed chemical kinetics based on GRI3.0 and infinitely-fast chemistry are considered and com-
pared. For the particle phase, models for vaporization, devolatilization and char oxidation/gasification are
considered, and the Kobayashi–Sarofim devolatilization model is compared to the Chemical Percolation
Devolatilization (CPD) model. Ignition delay is used as a quantitative metric to compare the simulation
prediction with experimental data, with careful attention given to the definition of ignition delay in
the simulations. The effects of particle size, coal type and gas-phase temperature on the ignition delay
are studied and compared with experimental data.
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1. Introduction

Coal combustion/gasification is a complex process with many
coupled sub-processes occurring simultaneously [1]. Furthermore,
most practical coal combustion systems are turbulent, further
complicating the modeling challenge because of the nonlinear
coupling occurring across a multitude of length and time scales.
Even with modern day computers, resolving the entire physics of
the problem remains prohibitively expensive. Coal combustion/
gasification models must address particle dynamics in turbulent
flow, gas-phase thermochemistry, heterogeneous reactions
between the coal and gas, devolatilization/pyrolysis, vaporization,
radiative heat transfer, etc.

The modeling challenge for coal combustion is further compli-
cated by the varying properties and chemical structure of different
coal types [2], and by the fact that the coal properties change
significantly throughout a coal particle’s lifetime in a combustor
[3–5]. The coal particle thermochemistry in this work is divided
into three processes: vaporization, devolatilization and char oxida-
tion/gasification.

Models for devolatilization vary widely in complexity, with the
most sophisticated models accounting for the chemical structure of
the coal and its effect on the devolatilization process [1]. In 1971, a
constant value was proposed for the combustion rate of each coal
type [6]. Arrhenius-form models such as the single-rate [7] and
Kobayashi [8] models describe devolatilization with a kinetic rate.
In 1976, the Distributed Activation Energy (DAE) model [9]
proposed using a Gaussian distribution for the activation energy.
Determining the parameters for the Gaussian distribution were
the challenges of this model [10]. Representing coal as a collection
of functional group including aromatic rings, aliphatic chains and
bridges and oxygen-carrying groups was a significant step in
devolatilization modeling [11,12]. The Chemical Percolation Devol-
atilization (CPD) model accounts for the thermal decomposition of
the macromolecular network and accounts for structural variation
among various coal types [13,14,1], and can accurately describe
light-gas evolution from coal devolatilization [15]. In this work,
the Kobayashi and CPD devolatilization models (representing a
relatively simple and fairly sophisticated model, respectively) are
utilized; their ability to predict ignition delay are examined.

Char oxidation and gasification are heterogenous reactions, and
are significantly slower than the vaporization and devolatilization
processes [1,16]. There are many factors influence the char oxida-
tion, such as coal structure, coal type, the gas-phase environment
(e.g., oxygen partial pressure) and temperature [17,18]. The prod-
ucts of char oxidation are mainly carbon dioxide and monoxide
[19,20]. A common assumption in coal combustion modeling is
that char oxidation occurs after the coal particle is fully devolatil-
ized [21,22]. The present study and formulation allow for simulta-
neous vaporization, devolatilization and char oxidation and do not
impose any temporal ordering/sequencing of these processes.

The influence of systems parameters such as oxidizer composi-
tion and coal rank on ignition delay and flame stability have been
explored experimentally by several researchers [23–29]. A review
on experiments measuring the coal particle ignition delay is
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reported in [30]. In [25], the influence of gas phase temperature
and particle size on the single particle ignition delay are also con-
sidered as parameters. In this work, the ignition delay is employed
as metric to evaluate simulation results where the effect of gas
phase temperature, coal rank and particle size on ignition delay
are studied and compared to the experiments conducted by [25].

Although numerous simulations of coal combustion have been
performed, most use relatively simple models for the devolatiliza-
tion and gas-phase combustion process [31–35]. The flamelet and
flame-sheet models are used in simulation of single coal particle
combustion by different groups [36,34,31]. Attempts to address
limitations of these models have used two- and four-step global
mechanisms [26]. Hecht et al. performed one-dimensional simula-
tions on char oxidation of single coal particles with detailed kinet-
ics to determine the temperature and species radial profiles for
char oxidation, but used boundary-layer assumptions to treat dif-
fusion [37–39].

The objective of this work is to evaluate the efficacy of devola-
tilization and gas-phase chemistry models for coal combustion/
gasification. To this end, we compare experimental observations
of coal particle ignition delay to two devolatilization models paired
with two gas-phase kinetics models. To the authors’ knowledge,
this is the first computational study examining ignition delay using
detailed kinetics in the gas phase fully coupled to a high-fidelity
model (CPD) for devolatilization of coal particles. We consider
the effect of key parameters including particle size, furnace tem-
perature, and coal type on the ignition delay time, and evaluate a
few simplified modeling strategies relative to the detailed models
and experimental data.

This paper is organized as follows: the governing equations are
described in Section 2. Section 3 then provides a description of the
models for gas-phase kinetics and coal particles (including evapo-
ration, devolatilization, char oxidation/gasification). The simula-
tion results, including trends with varying the reactor
temperature and particle sizes, are discussed in Section 5, and
compared to experimental ignition delay data.
2. Governing equations

The governing equations for gas and particle phase are provided
in this section. A one-dimensional domain aligned with the y-coor-
dinate that evolves in time was considered in this work.

2.1. Gas phase

The gas-phase equations are solved in an Eulerian frame of
reference. The overall mass conservation equation in the gas phase
is

@q
@t
¼ � @v

@y
þ
Xnp

j¼1

Spjm; ð1Þ

where q is the gas phase density, v is the gas velocity at y direction
(lateral), Spjm is the particle source term accounting for interphase
mass exchange and np is the total number of particles (in this work,
simulations are performed for a single particle). Individual species
conservation equations accounting for interphase mass exchange
are given as

@qYi

@t
¼ � @qYiv

@y
� @Ji

@y
þxi þ

Xnp

j¼1

SpjYi
; ð2Þ

where Yi; Ji and xi are the mass fraction, mass-diffusive flux and
reaction source term of species i, respectively, and SpjYi

is the release
rate of species i from particle j into the gas phase.
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Momentum equations are evolved for the component of
momentum aligned with the resolved (y) direction and one orthog-
onal component,

@qv
@t
¼ � @qvv

@y
� @syy

@y
� @P
@y
þ
Xnp

j¼1

Spjv ; ð3Þ

@qu
@t
¼ � @qvu

@y
� @syx

@y
þ
Xnp

j¼1

Spju: ð4Þ

where v and u refer to lateral and streamwise velocities, respec-
tively. Finally, the energy equation is

@qe0

@t
¼ � @qe0v

@y
� @pv

@y
� @syyv

@y
� @q
@y
þ
Xnp

j¼1

Spje0 ; ð5Þ

where e0 is the internal energy and q is the heat diffusive flux.
Closure of this system is achieved by the ideal gas equation of state,
P ¼ qRT=M and constitutive relationships for the diffusive fluxes
[40]

syy ¼ �
4
3
l @v
@y

; ð6Þ

syx ¼ �l @u
@y
; ð7Þ

q ¼ �j
@T
@y
þ
Xns

i¼1

hiJi; ð8Þ

Ji ¼ �
qYi

Xi
Dmix

i
@Xi

@y
; ð9Þ

where l is the viscosity, j is the thermal conductivity, hi is the
species enthalpy, Xi is a species mole fraction, Dmix

i is the species
mixture-averaged diffusivity and ns is the number of species. Here,
l; j and Dmix

i are functions of temperature, pressure and composi-
tion. Finally, temperature is obtained from the internal energy via a
Newton-solve that incorporates the variation in composition and
pressure.

The source terms Spm; Spv ; Spu, Spe0 and SpYi
, which account for

interphase heat, mass and momentum transfer, will be described
in Section 2.3. Corresponding exchange terms are included in the
particle phase governing equations.

Additional models can be incorporated to include the effects of
turbulent mixing [41,40]. For the purposes of this paper, only
laminar flow is considered to isolate the effects of the thermochem-
ical models from the turbulence models. Further discussion and der-
ivation of the gas-phase governing equations can be found in [40,42].

2.2. Particle phase

Particles are transported in a Lagrangian frame of reference
where each particle’s position, velocity, mass, and thermochemical
state are evolved. Although they have mass and volume, it is as-
sumed that the particles do not displace fluid on the Eulerian mesh
where the gas-phase equations are solved. Rather, particle source
terms are interpolated onto the mesh and gas-phase quantities
are interpolated to the particle location for purposes of interphase
coupling. This assumption is reasonable provided that the gas
phase mesh spacing is large relative to the particle size, which is
the case for the simulations performed here. The motion of a single
particle in gas–solid flows can be described by using Newton’s sec-
ond law

mp
dui;p

dt
¼ mpgi þ Spj ;v þ Fc; ð10Þ

where i denotes the ith direction, mp, ui;p; gi; Spj ;v , and Fc are mass
of single particle, particle velocity, gravity acceleration in ith
direction, force generated by fluid–particle interaction, and force
me (2014), http://dx.doi.org/10.1016/j.combustflame.2014.01.010
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generated by particle–particle interaction. For this study, particle–
particle interaction is ðFc ¼ 0Þ and the drag force is described by
Stokes’ law so that the particle momentum equations become

dupj

dt
¼

giðqp � qgÞ
qp

þ Spj ;u; ð11Þ

dvpj

dt
¼

giðqp � qgÞ
qp

þ Spj ;v : ð12Þ

Particle source terms for v (Spj ;v ) and u (Spj ;u) are given by (16) and
(17), respectively.

Given the evolution of the particle velocity according to (11)
and (12), the particle position evolves as

dxi;p

dt
¼ ui;p; ð13Þ

where xi;p is particle location in ith direction.
The particle energy evolution is given by

dTp

dt
¼ �Ap

mpCp
½hcðTp � TÞ þ erðT4

p � T4
wÞ� þ Sr ; ð14Þ

where Tp; Tw and T are the particle, wall, and gas temperatures
respectively. Cp; mp, Ap and � are the particle heat capacity, mass,
surface area (sphere surface) and emissivity respectively, r is the
Stefan–Boltzmann constant, hc ¼ Nuj=dp is the convective heat
transfer coefficient with Nu ¼ 2:0þ 0:6Re1=2

p Pr1=3 [43] where dp is
the particle diameter, and Sr is the temperature source term due
to vaporization and heterogeneous reactions defined by (21). In this
work, radiation is considered only between particles and an ‘‘effec-
tive’’ furnace environment.

The overall mass balance on coal particle (mp) is divided into
three phenomenological categories describing the evolution of
moisture (mH2O), volatiles ðmv), and char (mc),

dmp

dt
¼ dmH2O

dt
þ dmv

dt
þ dmc

dt
: ð15Þ
2.3. Source terms

The momentum exchange terms which appear in the gas and
particle momentum balances are

Spv ¼ �
mpfd

spVcell
ðv � vpÞ; ð16Þ

Spu ¼ �
mpfd

spVcell
ðu� upÞ; ð17Þ

where sp ¼
d2

p
18mg

is the particle relaxation time [44], fd is the drag
force coefficient and Vcell is a scaling term representing the volume
of the control volume, respectively. The model employed for fd is

fd ¼
1 Rep < 1

1þ 0:15Re0:687
p 1 < Rep < 1000

0:0183Rep Rep > 1000

8><
>: ;

where

Rep ¼
dpjup � ugj

mg
ð18Þ

is the particle Reynolds number and mg is the gas kinematic viscos-
ity. Subscripts p and g indicate particle and gas phase properties,
respectively.

Most of the particle mass (except ash) is released to the gas
phase during the combustion process. Furthermore, char oxidation
and gasification requires additional species from the gas phase
Please cite this article in press as: B. Goshayeshi, J.C. Sutherland, Combust. Fla
such as oxygen and carbon monoxide. The mass source term for
single particle for species i can be written as

SpYi
¼ dmi

dt

� �Evap

þ dmi

dt

� �Dev

þ dmi

dt

� �Oxid

þ dmi

dt

� �Gasif

: ð19Þ

Models for evaporation, devolatilization, and char oxidation/gasifi-
cation in (19) will be discussed in Section 3.2.

The energy source term for the gas phase energy conservation
equation, (5), is given as

Spe0 ¼ a Sp;CODHCO þ Sp;CO2DHCO2

� �Oxid þ a
dmc

dt

� �
H2O

DHGasif
H2O

þ a
dm
dt

� �
CO2

DHGasif
CO2

; ð20Þ

where DH is the energy released due to heterogeneous reaction of
the given species, a is the fraction of heat released to the gas and
1� a is the fraction of heat absorbed by the particle. In this study,
a ¼ 0:3 was used. For all of the conditions explored in this work,
the value of a has negligible impact on the predicted ignition delay
since the devolatilization (not char oxidation) rate is the dominant
factor determining the ignition delay. However, in situations where
char oxidation becomes dominant, the value of a will play an
important role. The source term in (20) includes the heat of char
oxidation (exothermic) CO2 and H2O gasification (endothermic).

Finally, the source term appearing in the particle energy
balance, (14), is written as

Sr ¼
1� a
mpCp

ðSp;CODHCO þ Sp;CO2 DHCO2 Þ
Oxid

þ 1� a
mpCp

dmc

dt

� �Gasif

H2O
DHGasif

H2O þ
1� a
mpCp

dmc

dt

� �Gasif

CO2

DHGasif
CO2

þ 1
mpCp

Sp;H2O
� �Evap

kEvap; ð21Þ

where DH is the enthalpy of reaction, kEvap is water’s latent heat of
vaporization and ðSp;H2OÞEvap is defined in (28).

3. Chemical reaction models

3.1. Gas phase

Two models for the gas-phase chemistry were considered:
detailed kinetics (Section 3.1.1) and infinitely fast (flame-sheet)
chemistry (Section 3.1.2).

3.1.1. Full chemistry
The GRI3.0 mechanism, consisting of 53 species and 325

reaction is utilized [45]. Transport equations are solved for the
species, with appropriate phase-exchange source terms for the
devolatilization, vaporization, and char oxidation models.

3.1.2. Flame-sheet
The flame-sheet model assumes an infinitely fast reaction

ri ! pi; ð22Þ

where ri and pi are the moles of ith species (except O2) in reactants
and flame-sheet product, respectively. It is assumed that the
products of reaction are CO2, H2O and N2. The oxygen required to
consume each species is defined as

ni ¼ ðriC þ riH=4� riO=2Þ i � species; except O2; ð23Þ

where ni represents stoichiometric oxygen to burn the one mole of
species i and rik is the number of element k in species i. The stoichi-
ometric oxygen requirement (h) can be calculated as
me (2014), http://dx.doi.org/10.1016/j.combustflame.2014.01.010
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h ¼
Xns

i–O2

rini: ð24Þ

The equivalence ratio, U ¼ rO2
h , is used to determine the products of

reaction. In lean conditions ðU � 1Þ,

pi ¼

Er
C i ¼ CO2

Er
H=2 i ¼ H2O

Er
N=2 i ¼ N2

rO2 � h i ¼ O2

0 otherwise

8>>>>>><
>>>>>>:

ð25Þ

where Er
k ¼

Pns
i–O2

ririk is the amount of element k provided by the
reactants.

Likewise, for rich conditions ðU < 1Þ,

pi ¼

rCO2 þ Ep
C i ¼ CO2

rH2O þ Ep
H=2 i ¼ H2O

rN2 þ Ep
N=2 i ¼ N2

0 i ¼ O2

rið1�U niPns
i–O2

ni
Þ otherwise

8>>>>>>><
>>>>>>>:

ð26Þ

where

Ep
k ¼ U

Xns

i–O2

ririk
niPns

i–O2
ni

ð27Þ

represents the number of moles of element k produced by reaction
(22). In the flame-sheet model, transport equations are solved for
each species that is involved in the coal models (devolatilization,
vaporization and char oxidation) as well as any gaseous species
fed into the reactor. The product composition is then obtained at
each point in space and time using the methodology just discussed
in this section.

3.2. Particle phase

In the proposed model, a coal particle consists of moisture, vol-
atile, char and ash. Figure 1 depicts the coal’s constituents and the
models that describes mass exchange. For example, evaporation
only adds moisture into the gas phase; however, char oxidation
produces CO2 and CO and consumes O2. The models that describe
the consumption of coal constituents are outlined in Sections 3.2.1,
2.2, 3.2.3.
Fig. 1. Coal constituents.
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3.2.1. Evaporation
The moisture content evolution is given by

dmH2O

d
t ¼ �ðSp;H2OÞEvap ¼ kv

PH2O;sat

RT
� PH2O

RTg

� �
ApMw;H2O; ð28Þ

where kv is the mass transfer coefficient of steam into air [46],
PH2O;sat is the saturation pressure of water at particle temperature,
PH2O is partial pressure of water in gas. For purposes of energy cou-
pling, the latent heat of vaporization for water is calculated from
the Watson relation [47,48], which provides the latent heat of
vaporization as a function of temperature.

3.2.2. Devolatilization
Two devolatilization models with different complexity and

computational cost were applied in this work.

3.2.2.1. Kobayashi–Sarofim model. The devolatilization rate
described in this model has two weighted first order Arrhenius
reaction rates [8],

dmv

dt
¼ � a1A1eð�E1=RTpÞ þ a2A2eð�E2=RTpÞ

� �
mv ; ð29Þ

where a1 and a2 are weights of each rate [8] and the Arrhenius
parameters ðA1; E1;A2; E2Þ reported in [49] were used, consistent
with several other studies [50–53]. The influence of the Arrhenius
parameters for the Kobayashi–Sarofim model for coal simulations
has been considered by [54]. Different reactions have been pro-
posed for the Kobayashi devolatilization model [55]. Although there
is no universally accepted form, in this work, we assume

CHaOb ! bCOþ aþ b� 1
2

H2 þ
1� b

2
C2H2; ð30Þ

where a and b are calculated from coal’s ultimate and proximate
analysis. There is general agreement on CO and H2 as the products
for Kobayashi model, but accounting for heavier species such as
soot precursors and tar in the gas phase is less well-established.
In this work, C2H2 represents heavy gas-phase species. The choice
of C2H2 is motivated in part by its availability in GRI-3.0. However,
results of ignition delay studies are relatively insensitive to this
choice. Indeed, using CH4 rather than C2H2 (with appropriate
change in stoichiometry in (30)) resulted in almost no change in
ignition delay. Thus, while the choice of heavy gas-phase species
from the Kobayashi–Sarofim model may be critical for prediction
of soot formation and tar evolution, its effect on ignition delay
prediction is minimal.

3.2.2.2. Chemical Percolation Devolatilization (CPD) model. CPD is
one of the most accurate (and complex) models available to pre-
dicts the production rates of the species during the devolatiliza-
tion. CPD predicts the devolatilization of different coal types
based on their chemical structure. In CPD, coal is described as a
macromolecular network of aromatic ring clusters of various sizes
and types that are connected by a variety of chemical bridges
(so-called ‘‘labile bridges’’) of different bond strengths [13].

In this model, devolatilization starts with decomposing of labile
bridges (l) to form highly reactive intermediate bridges (l�). These
intermediates further react to produce either char and light gases
or side chains (d) that may eventually convert into light gases. This
process is represented schematically as

l! l� %&
d! light gases

charþ light gases
: ð31Þ

The CPD model employed herein involves solution of 18 ODEs on
each particle to evolve the quantities related to devolatilization,
and has been shown to provide accurate evolution of several light
me (2014), http://dx.doi.org/10.1016/j.combustflame.2014.01.010
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gases for devolatilization of various coal types over a range of ther-
mal conditions [15]. The gas-phase species produced by the CPD
model are: CO2, CO;CH4;C2H2;HCN, NH3;H and H2O.

3.2.3. Char oxidation/gasification
Char oxidation and gasification represent heterogeneous reac-

tions at the particle surface. The mass-exchange terms are
accounted in the mass balance, (2). Char oxidation is a complex
phenomenon which depends on many factors such as temperature
and oxygen concentration. The rate of consumption of char by oxi-
dation is described by [17]

dmc

dt

� �Oxid

¼ rcMw;C

u
pd2

p; ð32Þ

where u ¼ 2=ð1þ wÞ designates the stoichiometric ratio of carbon
consumption, Mw;C is the molecular weight of carbon and rc is the
reaction rate of char (33).

There are several models and equations that explain char oxida-
tion reaction rate, the Langmuir–Hinshelwood is a kinetic expres-
sion that frequently used. This approach describes competing
adsorption (O2) and desorption (CO) on char surface that makes
it more attractive. There are multiple forms for Langmuir–Hinshel-
wood, but it was shown by [17] that

rc ¼
k2k1Pnr

O2 ;s

k1Pnr
O2 ;s
þ k2

; ð33Þ

yields good results, where k1 and k2 are Arrhenius rate constants,
nr ¼ 0:3 and PO2s is the partial pressure of oxygen at particle surface
[17].

Char oxidation and gasification are heterogeneous reactions
that consume char. The presence of carbon dioxide and water
vapor around the coal particle increases the likelihood of gasifica-
tion reactions at high temperatures through

CðsÞ þ CO2�!2CO; ð34Þ
CðsÞ þH2O�!COþH2: ð35Þ

The differential equation describing char gasification is

dmc

dt

� �Gasif

i
¼ �kimc; i � CO2;H2O; ð36Þ

where ki is given by [56]

ki ¼ AiP
ni
i e�Ei=RTp ð37Þ

and Pi represents the partial pressure of CO2 and H2O around the
particle for reactions (34) and (35), respectively. The Arrhenius rate
parameters and reaction order (ni) appearing in (37) are given by
[57,56]. In this work, the evolution of particle surface area is ac-
counted using a modified random pore model [58,59].
1 Section 5.1 discusses the characterization of ignition in detail.
4. Computational configuration

This section briefly summarizes the computational parameters,
models and configurations used for each simulation performed in
this work. The computational configuration mirrors the experi-
mental setup described in [25], which provides details such as par-
ticle size, coal feed rate, and gas phase conditions. The governing
equations and models outlined in Section 2 are solved using a fully
coupled, compressible algorithm with an explicit time integration
scheme and a second-order finite volume spatial discretization.
Characteristic boundary conditions are applied on the domain
boundaries [60]. For the simulations reported herein, the computa-
tional domain is 1.4 cm with a grid spacing of 140 lm and time
step of 2� 10�8 s. The results are grid-converged; simulations per-
Please cite this article in press as: B. Goshayeshi, J.C. Sutherland, Combust. Fla
formed on finer grids yield the same result for predicted ignition
delay. A schematic of simulated system is illustrated in Fig. 2
where the one-dimensional domain oriented in the y-direction
moves in x-direction via a space–time mapping using the mean
system velocity [40]. The jet diameter is 0.75 mm and the particle
position is aligned in the middle of the jet (system).

In this work, two US coals are used: Pittsburgh high-volatile
bituminous coal and Black Thunder subbituminous coal from the
Powder River basin, with proximate and ultimate analysis reported
by [25]. The coal particles are assumed to be spherical, with initial
density of 1200 kg=m3 and initial temperature of 298 K for all
simulations.

The initial gas composition and temperature are uniform and
constant over the computational domain, consistent with the
experimental configuration described in [25]. Table 1 summarizes
the key parameters varied as part of this work. The initial gas phase
composition includes O2; N2, CO2 and H2O. The effect of O2 compo-
sition is considered while maintaining the initial CO2 and H2O
mole fractions constant at 0.3 and 0.116, respectively. Likewise,
the initial streamwise velocity (v ¼ 2:5 m=s) is uniform and con-
stant over the domain, but evolves in time according to (3), with
dilatational effects due to chemical reaction as well as particle
vaporization, devolatilization and char oxidation accounted for.
The coal particle has the same initial streamwise velocity as the
gas phase. Cases A:1—A:8 each consider the effect of the initial
gas phase temperature on the ignition delay, resulting in a number
of distinct simulations being performed for each of these cases.
Similarly, each case B:1—B:4 includes several simulations of parti-
cle sizes varying from 45-125 lm.
5. Result and discussion

Simulations were performed to investigate the effect of furnace
temperature, particles size and coal type on ignition delay of coal
particle. Furthermore, for particle and gas phase calculation, two
methods with different levels of complexity and computation cost
are utilized. To validate the simulation predictions, ignition delay
as a metric is identified to compare the simulation results with
experimental data.

Figure 3 shows the normalized volatile and char content of the
coal particle for case B.1, and also indicates the location of igni-
tion.1 This figure suggests that ignition is characterized almost
entirely by homogeneous gas-phase reactions rather than heteroge-
neous char reactions.

Figure 4 illustrates the spatio-temporal evolution of several
fields for Case B:1 in Table 1 with a particle size of 92.4 lm. To
show more detail on species evolution, the profiles of OH, CO
and CH4 at 30, 40 and 45 ms are illustrated in Fig. 5. During the first
25 ms, the gas phase temperature (Fig. 4(a)) decreases due to the
cooler particle absorbing heat prior to the onset of ignition near
25 ms. The mass fraction of carbon monoxide (YCO) is illustrated
in Fig. 4(b). Devolatilization produces CO as the particle heats up
during t ¼ ½0;25� ms, with a spike in CO production around 25–
me (2014), http://dx.doi.org/10.1016/j.combustflame.2014.01.010
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Table 1
Parameters for simulations considered herein.

Case Coal type Devolatilization model Gas chemistry model Tgas (K) Particle size (lm) O2 N2

(mole fraction)

A.1 Pittsburgh CPD Detailed kinetics 1200–1750 92.4 0.2 0.384
A.2 Pittsburgh Kobayashi–Sarofim Detailed kinetics 1200–1750 92.4 0.2 0.384
A.3 Pittsburgh CPD Flame-sheet 1200–1750 92.4 0.2 0.384
A.4 Pittsburgh Kobayashi–Sarofim Flame-sheet 1200–1750 92.4 0.2 0.384
A.5 Black Thunder CPD Detailed kinetics 1200–1750 92.4 0.2 0.384
A.6 Black Thunder Kobayashi–Sarofim Detailed kinetics 1200–1750 92.4 0.2 0.384
A.7 Black Thunder CPD Flame-sheet 1200–1750 92.4 0.2 0.384
A.8 Black Thunder Kobayashi–Sarofim Flame-sheet 1200–1750 92.4 0.2 0.384
B.1 Pittsburgh CPD Detailed kinetics 1320 45–125 0.12 0.464
B.2 Pittsburgh Kobayashi–Sarofim Detailed kinetics 1320 45–125 0.12 0.464
B.3 Pittsburgh CPD Flame-sheet 1320 45–125 0.12 0.464
B.4 Pittsburgh Kobayashi–Sarofim Flame-sheet 1320 45–125 0.12 0.464
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Fig. 3. Normalized volatile and char content in the coal particle as a function of
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30 ms as homogenous ignition occurs in the gas phase. After
homogenous ignition, when the temperature of the particle and
gas phase is high, char oxidation dominates CO production. Fig-
ure 4(c) shows the O2 space–time evolution, which is consistent
with the interpretation discussed in connection with the CO evolu-
tion. Gas phase (homogenous) reaction and char oxidation (heter-
ogeneous) both contribute to the O2 consumption, with
homogenous reactions dominating initially and heterogeneous
reactions dominating after homogeneous ignition. The evolution
of OH, shown in Fig. 4(d), supports the observation that homoge-
neous ignition first occurs away from the particle surface, followed
by heterogeneous char oxidation.

In Fig. 5 at time 30 ms OH has two local maxima (indicated by
black arrows) and CH4 has two corresponding maxima where
homogenous reaction of volatiles begins. These maxima corre-
spond to the two branches in Fig. 4(d) during t � ½27;35� ms. By
40 ms, the released volatiles are consumed, as shown by Fig. 5(c)
(here, CH4 is chosen to represent the volatiles produced by the
CPD model). The two local minima at 45 ms in the OH profile in
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Fig. 6. Ignition delay identified with half of maximum in species mass fraction profile. Pittsburgh coal particle with size of 92:4 lm injected into 20 vol% O2 with N2 diluent
(Case A:1).
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Fig. 5(a) (see the blue arrows)2 correspond to the homogenous
reactions with the byproducts (primarily CO) of char oxidation.

5.1. Ignition delay

In experiments, the most widely used methods to identify igni-
tion delay are based on measurements of the intensity of visible
light emission [61,25]. In the experimental results used in this
work, CH� emission is considered as an indicator of ignition, with
the ignition point defined as the half of the CH� maximum signal
[25]. However, this signal was contaminated by CO�2 and thermal
radiation from hot soot and the coal/char particle [25].

Computationally, it is not obvious how to determine the igni-
tion point. For example, threshold values of temperature or species
mass fractions, or the inflection point in the particle temperature–
time history (as suggested by [61]). Physically, the inflection point
in the particle temperature history represents the location where
the asymptotic heating of the particle by its surroundings is over-
taken by the heat transfer due to chemical reaction nearby the
particle.
2 For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.
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Figure 6(a) shows the simulation prediction for ignition de-
lay based on several plausible criteria. These results are for
the same conditions as described in connection with Fig. 4,
but with the inlet gas temperature varying. For the species cri-
teria, ignition is defined as the time at which the species mass
fraction is 50% of its maximum value. CO is chosen to be repre-
sentative of the products of devolatilization and char oxidation
and CH is chosen as a surrogate representation of CH� which is
the reported basis of the experimental measurements of igni-
tion delay.

The bars in Fig. 6(a) represent 25% and 75% of the maximum
mass fraction in the profiles of species, consistent with the ap-
proach taken in [25]. These ‘‘uncertainties’’ or sensitivities are
not obtained through rigorous uncertainty or sensitivity analysis,
as that is beyond the scope of this paper. Rather, they are provided
to give an indication of the sensitivity of the reported ignition de-
lay to the chosen definition. The time-evolution of these species
and the particle temperature at the particle position are shown
in Fig. 6(b). Since the ignition delay criteria based on CH provides
the best agreement between the simulation and experimental data,
it is used to identify the ignition delay in throughout the paper
where detailed kinetics are utilized in the gas phase, unless specif-
ically stated otherwise.
me (2014), http://dx.doi.org/10.1016/j.combustflame.2014.01.010
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Fig. 7. Ignition delay vs initial furnace temperature. ‘CPD’, ‘Kob’ and ‘Exp’ represent the CPD model, Kobayashi model and experimental data [25], respectively. Detailed
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The CH criteria is unavailable in flame-sheet method (discussed
in Section 3.1.2) because intermediate species are not available.
Therefore, CO and the particle temperature history inflection point
as measures of ignition delay were used. As shown in Fig. 6, these
are not expected to be highly accurate indicators of ignition delay,
but provide a reasonable approximation. By assuming that the true
ignition delay prediction for the flame-sheet method lays between
the CO and particle inflection point, a comparison between
detailed kinetics and flame-sheet can be made.
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Fig. 8. Pittsburgh coal particle temperature at ignition and inflection point by
utilizing CPD model (case A:1). Ignition is characterized by half of CHx maximum.
Vertical bars show 25% and 75% of maximum.
5.2. Effect of furnace temperature

Using the ignition delay criteria established in Section 5.1, the
effect of furnace temperature on ignition delay for Pittsburgh and
Black Thunder coals3 is investigated. The simulation parameters
and applied models for this study are give in Table 1 which includes
cases A:1—A:8.

The experiments considered a particle size cut of 75-105 lm
whereas the simulation adopts particles at the mass mean size of
the size cut (92.4 lm). The model prediction of ignition delay as
a function of particle size is considered in Section 5.3.
5.2.1. Detailed chemistry
Figure 7(a) shows the ignition delay as a function of furnace

temperature for Pittsburgh (Fig. 7(a)) and Black Thunder
(Fig. 7(b)) coals, respectively. Results for the CPD and Kobayashi
models, both with detailed chemistry in the gas-phase, are com-
pared with experimental data. Figure 7 indicates that the CDP
model is more successful than Kobayashi model in predicting the
ignition delay over the range of furnace temperatures and the
two coal types, with larger discrepancies at higher furnace
temperatures.

Figure 8 shows the particle temperature at ignition using the
inflection point and CHx criteria (see Section 5.1) with the CPD
model and detailed chemistry in the gas phase, and indicates that
ignition occurs at lower particle temperatures as the furnace tem-
perature increases. Figure 8 also shows the results using the parti-
cle temperature inflection point criteria as an ignition definition,
and demonstrates that the inflection point criterion results in sig-
nificantly different particle temperatures at ignition. Furthermore,
the sensitivity in particle temperature at ignition point is quite
high at low furnace temperatures. All of this highlights the impor-
tance of carefully characterizing ignition, and also the potential dif-
3 The proximate and ultimate analysis for these coals was taken from [25].
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ficulty of comparing computational and experimental data if
simulations do not predict the same quantity being observed by
the experiment.

The volatile consumption fractions at the ignition point for both
devolatilization models are reported in Fig. 9. The CPD model
shows a much more pronounced effect of the furnace temperature
on the volatile consumption fraction at ignition. As a consequence
of producing highly reactive species such as H, the consumption
fraction of CPD model at high temperature is lower than the
Kobayashi model. The particle temperature at ignition point de-
creases as initial furnace temperature increases in Fig. 8, which
can be explained by the fact that less volatile is required for igni-
tion as furnace temperature increases.

5.2.2. Flame-sheet model
We now consider the flame-sheet model for the gas-phase

chemistry treatment. As a very inexpensive model, this is attractive
for use in large-scale simulations, provided that it is sufficiently
accurate. As discussed in Section 5.1, the CO profile at particle po-
sition and inflection point in particle temperature history are used
to identify the ignition point since the flame-sheet model does not
provide CHx radical species for comparison with the experimental
measurements.
me (2014), http://dx.doi.org/10.1016/j.combustflame.2014.01.010
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Fig. 9. Volatile consumption fraction versus initial furnace temperature. ‘CPD’ and ‘Kob’ represent the CPD and Kobayashi models, respectively.
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Fig. 10. Ignition delay vs initial furnace temperature. ‘CPD’, ‘Kob’ and ‘Exp’ refer to the CPD model, the Kobayashi model and experimental data [25], respectively. These
results employ the flame-sheet calculation in the gas phase.
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Fig. 11. Ignition delay versus particle size for a Pittsburgh coal particle injected into 12 vol% O2 in N2 at 1320 K. The experimental data are shown for the three particle size
cuts used experimentally.
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Figure 10 shows the ignition delay as a function of furnace tem-
perature, analogous to the results shown in Fig. 7 for detailed gas-
phase chemistry. The difference between the CPD and Kobayashi
models is not as pronounced when flame-sheet chemistry is used
in the gas phase as when detailed kinetics are used (see
Fig. 6(a)). Overall, the flame-sheet model paired with either devol-
Please cite this article in press as: B. Goshayeshi, J.C. Sutherland, Combust. Fla
atilization model does not perform as well as the detailed chemis-
try treatment paired with the CPD model, and fails to capture the
nonlinear trend of ignition delay versus furnace temperature that
the data shows. Some of this discrepancy can be attributed to the
lack of a suitable metric for ignition delay with the flame-sheet
model, as discussed in Section 5.1.
me (2014), http://dx.doi.org/10.1016/j.combustflame.2014.01.010
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5.3. Particle size effects

The experimental data were obtained on particle sizes in differ-
ent ranges [25], giving some uncertainty as to the effect of particle
size variation within the cut on the resulting ignition delay. The
effect of particle size on ignition delay for an initial furnace tem-
perature of 1320 K is illustrated in Fig. 11. The triangles connected
by dash-dot lines indicate experimentally measured ignition delay
for the three different particle size cuts used in the experiments
[25]. Also shown are the computational results for particles of dif-
ferent sizes.

Figure 11(a) compares experimental data to results for the CPD
and Kobayashi models with detailed gas-phase chemistry (cases
B:1 and B:2 in Table 1). The models show a larger effect of particle
size on ignition delay than is observed experimentally. Neverthe-
less, the CPD model with detailed gas-phase chemistry does com-
pare more favorably with the experimental data than the
Kobayashi model. For comparison, the ignition delay trends using
the flame-sheet model (cases B:3 and B:4 in Table 1) are shown
in Fig. 11(b). Consistent with results discussed in Section 5.2.2,
the flame-sheet model paired with either of the devolatilization
models is not as accurate as the detailed kinetic model paired with
CPD.
6. Conclusions

This paper considered several models for coal particle ignition
and compared these to experimental measurements available in
the literature for two coal types at various furnace temperatures
and for several particle sizes. Two models for devolatilization
(CPD and the Kobayashi–Sarofim model) and two for the gas phase
chemistry treatment (detailed kinetics and a flame-sheet model)
were applied. These models essentially trade complexity for cost.

To the authors’ knowledge, this is the first simulation per-
formed using detailed kinetics in the gas phase fully coupled to a
high-fidelity model (CPD) for devolatilization of coal particles.
The CPD model attempts to predict the light-gas evolution for
the coal particles.

The results indicate that simpler Kobayashi–Sarofim and flame-
sheet models roughly capture general trends present in the exper-
imental data, but fail to provide quantitative agreement. On the
other hand, the CPD model paired with detailed gas-phase chemis-
try provides reasonable agreement with the experimental observa-
tions over all reported conditions. This suggests that detailed
devolatilization and gas-phase chemistry modeling are important
to provide accurate characterization of ignition delay. This conclu-
sion also applies when considering the ability of the models to cap-
ture trends when varying furnace temperature and particle size.

The amount of volatile produced by each devolatilization model
at ignition is compared, and varies significantly between the CPD
and Kobayashi–Sarofim models, with the CPD model showing
much more sensitivity to the gas phase temperature in predicting
the volatile yield at the point of ignition.

One significant challenge in comparing to experimental data is
determining how to define ignition in the simulation. This is partic-
ularly challenging for the flame-sheet model where intermediate
species are unavailable for comparison against the emission
measurements of CH� in the experiment. A rough indication of
the sensitivity of the model predictions to the definition of the
ignition delay are also presented.
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