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Abstract

The homogeneous ignition and volatile combustion of pulverized solid fuel in
single-particle and particle group configurations were studied numerically in
a laminar flat flame burner. Simulations with increasing particle streams were
performed to investigate the influence of the interactions in particle groups
on homogeneous ignition and combustion. An extensive set of simulations

are conducted considering models with different levels of detail for both the
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gas-phase and solid fuel chemistry. The reference simulations employ the
chemical percolation devolatilization model coupled with a detailed chemistry
model for gas-phase reactions. The particle-fluid interactions were modeled
with a fully coupled Eulerian-Lagrangian framework. Increased ignition delay
times for higher particle streams were successfully validated against available
experimental measurements. Furthermore, the transition from single-particle
ignition to a conically shaped volatile flame with suppressed reactions near
the flame base in particle group combustion was observed in both experiments
and simulations. The subsequent detailed investigations revealed that the
increased heat transfer to particles and, therefore, lower gas temperature for
higher particle number densities together with the local oxygen depletion are
the primary reasons for this transition. Based on the reference simulation,
different simplified model combinations were assessed. The systematic model
reduction investigation started with assessing the fixed volatile composition
as a required assumption for flamelet models. Finally, the effects of gas-
phase chemistry and different simple devolatilization models on ignition and
combustion chemistry were studied. Overall, all model combinations provide
reasonable predictions of volatile combustion with minor local deficits in the

studied conditions.

Keywords: Pulverized solid fuel combustion, particle group combustion,
homogeneous ignition, devolatilization modeling, detailed kinetics, FGM

tabulated chemistry
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Description

Splitting ratio

Relative height

Interphase energy exchange
Devolatilization mass release rate
Particle injection rate

Devolatilization energy exchange

Euler source term of arbitrary quantity &
Emissivity

Thermal conductivity

Heat release rate

Mass

Temperature

Computational cell volume

Production rate of species ¢

Gaussian distribution coefficient for particle k
Density

Stefan-Boltzmann constant

ignition delay time

Specific heat capacity at constant pressure
Diameter

Computational cell size

Relative ignition prediction error

Specific enthalpy of species ¢

J/kg



kgev Devolatilization rate

Nu Nusselt number

Pr Prandtl number

R Universal gas constant
Re Reynolds number

t Time

Us Velocity in direction
Vs, Diffusion velocity in 3 direction
Yvol0 Initial volatile fraction
Y; Mass fraction of species 7
Z Mixture fraction

A Pre-exponential factor

E Activation energy

Abbreviations Description

C25M Competing two-step model

CFD Computational fluid dynamics

CPD Chemical percolation devolatilization model
DBI Diffuse backlight-illumination

FC Finite chemistry

FF Flat flame

FFB Flat flame burner

FGM Flamelet generated manifold

FVC Fixed volatile composition
ILU Incomplete LU-decomposition
LES Large eddy simulation

1/s
J/mol
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OH-LIF  Laser-induced fluorescence of the OH radical
PCC Pulverized coal combustion

PND Particle number density

SFOR Single first-order reaction model

SSS Statistically steady-state

TVD Total variation diminishing

Subscript Description

g Property of gas

“prt Property of particle
“Vol Volatile

“wall Wall property

1. Introduction

The accurate prediction of pulverized coal combustion (PCC) is still a
significant challenge, as complex sub-processes coincide on vastly different
length and time scales. In addition to the actual coal conversion, which is
characterized by devolatilization and char oxidation, the mixing and particle
movement in the turbulent flow, as well as the turbulence-chemistry interac-
tion, must be considered. The increase in computational resources in recent
years has improved the accuracy of computational fluid dynamics (CFD)
simulations by using scale-resolving techniques [1, 2|. For instance, the di-
rect computation of essential physical sub-processes in academic cases and
small-scale experiments became feasible. On the contrary, this remains pro-
hibitive in large-scale applications in the foreseeable future. Hence, accurate

PCC modeling is still required and one main focus regarding modeling efforts
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is the devolatilization process due to its significant impact on ignition and
flame stabilization [3].

In the literature, the modeling of devolatilization and homogeneous igni-
tion is addressed at various levels of detail. On the one hand, very detailed
models such as the chemical percolation devolatilization (CPD) model, which
is based on a detailed description of the molecular structure of the reference
coal, are used to describe devolatilization [4]. Based on this detailed de-
scription, the model determines rates for each species released during the
devolatilization process. However, these detailed models demand high com-
putational effort, which prevents a direct coupling of such models in the
simulation of large-scale applications. On the other hand, simpler one-step
and two-step models are less complex alternatives to include the devolatiliza-
tion kinetics by simple Arrhenius expressions in CFD simulations [5, 6]. Yet,
experiments or detailed models are required to determine model coefficients
of the specific coal and operating conditions as well as the appropriate com-
position of the released volatiles [7].

Similar to solid fuel conversion, gas-phase chemistry can be described
at various levels of detail, too. Here, finite-rate chemistry coupled with de-
tailed kinetic mechanisms constitutes the most accurate but cost-intensive
way to include gas-phase reactions in simulations. Alternatives to the direct
use of finite-rate chemistry are flamelet-based models, which allow a very
efficient representation of the detailed gas-phase kinetics in CFD simulations
8, 9, 10, 11]. Precalculating and storing one-dimensional flamelets based on
reduced variables (e.g., mixture fraction and progress variable) in a flamelet

table, which is accessed during the simulation to obtain the thermo-chemical
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state, reduce simulation costs significantly. However, two assumptions are
commonly applied for simplifying the application of flamelet-based models for
PCC: First, the assumption that the composition of the complex mixture of
volatiles released during devolatilization is fixed for the flamelet simulations
prevents the use of additional flamelet dimensions [12]. Second, assuming that
the flamelet configuration is either premixed or non-premixed eliminates the
need for formulations for partially-premixed combustion, such as for instance
the model by Knudsen et al. [13, 14]. However, similar to the finding for spray
combustion [15], investigations demonstrated the occurrence of both regimes
in PCC [16]. Therefore, flamelet-based model approaches based on both non-
premixed flames [8, 9] and premixed flames [10, 11] have been developed for
also PCC.

The coupling and interaction of devolatilization and gas-phase homoge-
neous ignition modeling are often validated in laminar single-particle con-
figurations. This configuration reduces the complexity of the industrial-scale
system significantly by removing the influence of turbulence. Hence, the di-
rect application of detailed numerical models and precise non-intrusive mea-
surements due to optical accessibility are becoming possible in such config-
urations. Two extensively utilized configurations from the literature are the
Hencken type burner from Molina and Shaddix [17, 18] and the flat flame
burner investigated by Koser et al. [19, 20]. The first configuration was pre-
viously used to validate detailed simulations performed by Farazi et al. [21],
Goshayeshi and Sutherland [22], as well as Jiménez and Gonzalo-Tirado [23],
where the CPD model was directly coupled to finite-rate chemistry adopt-
ing the GRI3.0 kinetic mechanism [24] to study single-particle homogeneous
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ignition. All studies report an acceptable agreement in terms of ignition de-
lay. Similar to the studies mentioned above, Vascellari et al. [8] used this
configuration to validate their finite-rate chemistry simulation. Additionally,
they extracted the full thermo-chemical state, which is not available from
experiments, and assessed the steady-flamelet model’s applicability to cap-
ture single-particle homogeneous ignition. Here, a simplified two-step model
was chosen to describe devolatilization, with the kinetic parameters being
fitted using CPD calculations. Additionally, Knappstein et al. [25] used the
flat flame burner reported by Koser et al. [19, 20] to study a flamelet gener-
ated manifold (FGM) model for single-particle combustion and found good
agreement with the ignition delay measured by laser-induced fluorescence of
the OH radical (OH-LIF). In this study, a simplified one-step model with
parameters determined from a drop tube reactor was used for devolatiliza-
tion. Recently, Attili et al. [26] used detailed simulations employing the CPD
model coupled with finite-rate chemistry to study the effect of slip velocity on
single-particle homogeneous ignition and combustion in the flat flame burner
of Késer et al. [19, 20].

However, considering systems on a larger scale, particle group combustion
gains crucial importance. Therefore, the accurate prediction of the transition
from single to group particle combustion must be an essential feature of PCC
models. To provide the necessary validation basis, the two experimental se-
tups mentioned above were recently extended to investigate particle group
combustion [27, 28]. Both studies report a significant increase in ignition
delay time at higher particle loads. Furthermore, Li et al. [28] found a tran-

sition from spherical flames around single particles to a conical flame around
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particle groups. This transition has been reproduced by Nicolai et al. [11] in
a simulation using a competing two-step model coupled with an FGM ap-
proach. In addition, purely numerical studies also investigated the influence
of the particle number density on the combustion [29, 30, 31]. Farazi et al. [29]
investigated particle groups in a channel configuration and found a signifi-
cantly increased ignition delay for high particle number densities. Tufano et
al. [30] simulated a static arrangement of particles and found strong influ-
ences of the particle Reynolds number and particle spacing on the volatile
combustion regime. While the aforementioned studies focused exclusively on
volatile combustion, Sayadi et al. [31] investigated the influence of various
parameters (e.g., particle spacing, oxygen concentration, particle Reynolds
number, and particle arrangement) on char conversion.

While all of the aforementioned studies focus on homogeneous ignition, a
competition between heterogeneous and homogeneous ignition modes can ex-
ist in PCC [32, 33]. In a series of investigations, especially for small particles,
the occurrence of heterogeneous ignition was observed experimentally [34].
Especially lignites, due to their high probability to undergo fragmentation,
tend to ignite heterogeneously. Contrary, bituminous coals, on which most
previous modeling studies focus, were found to ignite in homogeneous mode
135, 36, 37, 17].

From the previous discussion, two missing modeling aspects can be iden-
tified with respect to the modeling of homogeneous ignition, which shall
be tackled in this work. First, validations of detailed gas and solid kinetic
models in particle group combustion are missing. Second, the evaluation of

assumptions made for flamelet models is missing for such configurations. To
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contribute to these missing points, this work’s objective is divided into three
parts: (1) The detailed model for both gas phase and solid phase, necessary
to accurately capture homogeneous ignition, is applied in a flat flame burner
(FFB) and fully validated against available measurements. (2) The validated
detailed simulation allows an in-depth analysis of the physical processes oc-
curring during the transition from single to particle group combustion. In
addition, the complete thermo-chemical state can be extracted from the de-
tailed simulations, which allows (3) a detailed assessment of the reduced
models for particle group combustion. This analysis is carried out in gradual
evaluations of each individual assumption (e.g., fixed volatile composition,
gas-phase, and devolatilization modeling) that are necessary for efficient solid
fuel modeling. Since in this study, the main goal is to investigate the homo-
geneous modes in ignition and combustion of pulverized solid fuels as a part
of the holistic coal model assessment, the studied conditions are chosen such
that group particle combustion is pronounced and only homogeneous modes
are observed for the investigated pulverized solid fuel. Hence, this study is to
be understood as a detailed sub-model investigation assessing homogeneous
ignition and combustion modeling for holistic coal modeling. To the best of
the authors’ knowledge, this study presents the first comprehensive analysis
of the reduction for both gas-phase and solid-fuel kinetics in single-particle
and particle group homogeneous ignition and combustion.

The remainder of the paper is structured as follows: Section 2 describes
the numerical codes and models used in this paper. Section 3 briefly sum-
marizes the experimental configuration and the measurement techniques em-

ployed. Moreover, the boundary conditions for the numerical setup are given.

10
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Section 4 presents the results, whereby first the detailed simulation results
are validated against measurements. Then, the physico-chemical effect of par-
ticle group combustion at different coal mass flow rates is analyzed. This is
followed by a step-by-step reduction of the overall model up to the flamelet
model with simple solid fuel kinetics. Finally, the most important outcomes

of this work are summarized in Section 5.

2. Numerical framework and modelling

During coal combustion, mass, momentum, and energy transfer occur
between particles and the gas phase, which are modeled by an FEulerian-
Lagrangian approach in this study. A two-way coupling ensures each quanti-
ties’ conservation between Lagrangian and Eulerian frameworks. Throughout
the study, the solver CIAO, which calculates chemical reactions by finite-rate
chemistry, and the solver FASTEST, which relies on a flamelet-based descrip-
tion of chemical reactions, are employed. For the Lagrange phase, both codes
rely on identical models, detailed below. In the following, the respective nu-
merical frameworks are briefly outlined.

In the CITAO code, the Eulerian governing equations are solved using a
semi-implicit finite difference code with second-order accuracy in space and
time [38, 21, 39, 40]. The low Mach number Navier-Stokes equations are
solved together with the Poisson equation to satisfy continuity. The pressure
solver is based on the multi-grid solver of HYPRE [41]. The Crank-Nicolson
method is applied for time advancement along with an iterative predictor-
corrector scheme [42; 21, 29]. For updating the particle state, position and

the source terms for the gas phase equations, the particle equations are ad-

11
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vanced in a Lagrangian framework using a two-stage Runge-Kutta solver
with second-order accuracy. For specific information about the numerical
implementation, the reader is referred to previous studies [21, 29].
FASTEST is a 3D finite-volume code that uses block-structured, bounda-
ry-fitted meshes with hexahedral cells to represent complex geometries. Spa-
tial discretization of the velocity is based on a multi-dimensional Taylor-
series expansion with second-order accuracy [43]. To achieve boundedness of
the scalars, a TVD limiter suggested by Zhou et al. [44] is used. The time
advancement of transported quantities is computed using an explicit, three-
stage Runge-Kutta scheme of second-order accuracy. The low Mach num-
ber, variable density Navier-Stokes equations are solved, where continuity is
satisfied by solving a pressure correction equation within each Runge-Kutta
stage. The solver is based on ILU matrix decomposition and uses the strongly
implicit procedure proposed by Stone [45]. For detailed information about the

numerical implementation, the reader is referred to previous studies [25, 11].

2.1. Particle modeling

Particle dynamics are modeled in a Lagrangian framework using the
point-particle assumption solving equations for trajectory, velocity, mass,
and temperature as described by Farazi et al. [21]. Additionally, various
submodels are required to capture the full conversion process of the coal
particles. Generally, devolatilization and char conversion, which occur under
significantly different timescales, characterize the solid fuel conversion pro-
cess. Due to substantially slower time scales, the influence of char conversion
on homogeneous ignition is assumed to be negligible during devolatilization,

which is in accordance with previous studies [46, 21, 25]. Additionally, sim-
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ulations employing a state-of-the-art char conversion model [47, 48] were
carried out to prove the negligible effect of heterogeneous reactions on the

ignition process in the current setup.

2.1.1. Dewvolatilization models

During devolatilization, particles undergo a strong heat-up leading to the
release of gaseous matter. For the particle, the diameter d, is assumed con-
stant during this process, while the initial particle density ppo = 1200 %
is reduced to satisfy mass continuity [22, 46]. This assumption also cor-
responds to the small measured geometry changes in the chosen diameter
range for the selected coal in the studied configuration. Also, a previous
study on a similar configuration by Attili et al. [26] has shown that the im-
pact of a varying particle diameter on the ignition delay time is negligible
justifying the constant diameter assumption. In this study, devolatilization
models with varying levels of detail (from detailed phenomenological network
models to simple global models) are considered, which are described below.
The chemical percolation devolatilization (CPD) model is the most accurate
model considered in this study to compute the devolatilization rates. The
mass rate of change mge, is calculated based on a detailed description of the
molecular structure for the reference coal [4, 49, 50]. The coal lattice contains
aromatic rings connected by stable and labile bridges. Stable bridges mainly
appear within the infinite fragments of aromatic rings, which are referred
to as char. The labile bridges can break due to the external energy in the
devolatilization phase, resulting in the release of light gases and finite frag-
ments. Finite fragments with lower molecular weight are vaporized as tar,

and the heavier ones remain in the lattice and form metaplast, which can
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convert to char by cross-linking. Based on the chemical reaction pathway
of the bridge breaking mechanism in the CPD model, the devolatilization
process starts by breaking a labile bridge into a highly reactive intermediate
bridge, which can then break and form light gases and tar species. The CPD
model computes the formation rate and composition of the tar, light gases,
and the remaining char. Then, the devolatilization rate can be computed by
summing up the formation rates of tar and light gases. In the CPD model,
the particle heating rate can change during the devolatilization process due
to the change in particle temperature [51], leading to dynamic composition or
time dependent volatile release due to the change in particle heating rate. In
the present study, light gases consist of CHy, CO,, CO, H50, and other
gases, which are assumed to be CyHy similar to the assumption by Jimenez
and Gonzalo-Tirado [23]. The rate of tar release, which is also computed by
the CPD model, is assumed to be only for CoHs. This assumption was also
used by Goshayeshi and Sutherland [22], Tufano et al. [46], and Farazi et
al. [21, 29]. To assess the effect of tar composition choice on the ignition
delay time, other species like C¢Hg were used as tar by Farazi et al. [21], and
only a marginal difference (<3%) in ignition delay time has been observed.
Although the ignition delay time of CoHs in a purely gas-phase setting is
much lower than that of C4Hg because of the different heating values, the
marginal difference in t;g, for the particle setting shows that ignition time is
dominated by the time required for particle heating.

One global model often applied in large-scale LES, is the competing two-
step model (C2SM) proposed by Kobayashi et al. [6]. Here, the heating rate

dependency of devolatilization is included in the model by describing mass
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loss using two Arrhenius type equations, for low and high heating rates,

respectively. The released volatile mass 1mqey is computed according to

mdev - kdev (mVol,O - mVol) (1)
with
kdev = O‘llélleRTp]rt + OéQAQGRTp” . (2)

Herein, mye o and my, are the initial and current volatile mass, respec-
tively. The initial volatile myq is calculated based on a detailed CPD simu-
lation for a heating rate equal to the single-particle case as myo0 = m0Yvo10,
where Yyo 0 = 0.5494 denotes the initial fraction of volatiles in the parti-
cle. Comparing this value to the value of the proximate analysis presented
in Tab. 3, a Q-factor that gives the ratio of actual volatile mass compared
to the volatile mass determined by the Proximate analysis, of 1.53 can be
calculated. As myq is fixed during the simulation, any Q-factor variations
are not considered. Two facts can justify this assumption: First, the heat-
ing rate, which potentially changes the Q-factor, changes only slightly for
the investigated operating conditions. Second, the main focus of this study
is the ignition and early phase of volatile combustion. Therefore, mye,
which determines overall mass released, will likely not affect simulation re-
sults. The coal-specific parameters (e.g., pre-exponential constants A; and
Ay, activation energies F; and Fy, and the splitting ratios oy and «y) have
been determined prior to this study with a method detailed in [8] and are
summarized in Table 1.

One of the simplest, but still widely used models, is the single first-order
reaction model (SFOR) proposed by Badzioch and Hawksley [5]. This model

15
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Table 1: Parameters for the C2SM model.

Yvoro (-) Ai( S_l) Ay ( S_l) By ( ﬁ ) Ex( ﬁ ) ar(-) az(-)

0.5494 1.54 x 10° 2.31x 10" 5.96 x 10* 1.0 x 105 041 0.75

uses the same equation (1) as the C2SM model to calculate the released
volatile mass mge,. However, as the name implies, the devolatilization rate
is calculated from a single Arrhenius-type equation
—-E

kdev = Ae "ot (3)
and therefore neglects the devolatilization’s heating rate dependency. The
coal specific pre-exponential factor A = 1.175 x 10°1/s and the activation
energy F = 7.375 x 10*J/mol have been determined by the CPD model

utilizing a heating rate derived from single particle simulation.

2.1.2. Particle heat balance

The equation describing the change of particle temperature assuming ho-
mogeneous temperature inside the particle, can be derived from balancing
the heat transfer on the particle surface and the change of thermal energy

dle . . )
Cp,prt"nprtd—;;r = {prt,dev + \Ilprt,c + \ijrt,r- (4>

Here, the energy required for the devolatilization process is denoted by
dprt,dev O the right hand side of the equation. The term \prrt,c accounts for

the convective energy exchange
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Herein, the Nusselt number Nu is calculated from the Ranz—Marshall cor-

relation [52], Nu = 2 + 0.552Re2? Pr%333 with Pr = 0.7. The heat transfer

prt

\ijrt,c =

number is computed as Bj, = ¢ gMpet / (27dpeeA).

The term \i/prt,,, accounts for the radiative energy exchange

60 €prt

\i’prtm = (Tvilzall - Tﬁrt) ) (6)

where, the wall temperature Ty.; is assumed to be the burner enclosure

Cp,prtpprt dprt

with glass walls and constant at 500 K and the particle emissivity €y, is 0.7.
o is the Stefan-Boltzmann constant and is equal to 5.6x1078 W/(m2?K*).
The particle heat capacity is calculated based on the models and approxi-
mations by [53, 54]. The correlation developed by Merrick [53] is the only
self-contained method to calculate the heat capacity of a coal sample. The
correlation calculates the temperature-depend heat capacity of the particle

based on the volatile, char, and ash fractions.

2.2. Combustion modeling

To consider chemical reactions, species mass fractions Y; and temperature

equations are solved assuming unity Lewis number for all species [21, 55].

OpgY; 0 .
VY = ws _
ot + (%Zﬂ (pg (Ug,ﬁ + Vﬁn) i) = w; + Sy, (7)
dpT,  OpUsT, aT, & o (. T\ o
g Blg g g -
= pINT O ViVt (AT ) ST huws + S
“or v ou, p(m; pitiVeit 5 ( gaxﬂ) ; it

(8)
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Gas-phase chemistry is modeled using finite-rate chemistry adopting a
specially designed mechanism for coal and biomass combustion with 68 species
and 906 reactions [56], which has been validated for the oxidation of different
fuels in both air and oxy-fuel atmospheres. Moreover, the gas-phase equations
include source terms to represent the particle interaction, which can be seen
by Sy for the temperature equation and Sy for the species transport, respec-

tively.

2.2.1. FGM modeling

Since the utilization of finite-rate chemistry with detailed mechanisms
is limited to generic test cases for complex fuels like coal, detailed mech-
anisms are also used in the framework of Flamelet Generated Manifolds
(FGM). The primary development of the FGM modeling approach was done
by van Oijen et al. [57] and was recently extended for pulverized coal com-
bustion [25, 10, 48, 11]. To obtain the FGM table, laminar premixed flames
are calculated using the 1D detailed chemistry flame solver Chem1D [58] ap-
plying a unity Lewis number assumption for all species. The approach was
previously successfully applied and validated for single-particle ignition and
combustion by Knappstein et al. [25, 10]. Considering combustion chambers,
where mixing of the released matter from multiple particles and reactions co-
incide, multi-regime characteristics become important, as for example shown
by Wen et al. [16]. In the case of combustion in particle group configura-
tions, the released volatiles undergo strong mixing leading to homogeneous
mixtures entering the flame front. Since both mixture fraction and reaction

progress are varying during this progress, both non-premixed and premixed
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tables have advantages and disadvantages and none of them is clearly su-
perior to the other. However, for increasing particle number densities, the
homogeneity of the mixture increases before entering the flame. Therefore,
the application of premixed flamelets constitutes a reasonable approxima-
tion. The progress variable is defined as a combination of the mass fractions
of Yco,, Yoo, and Yp,. Since the focus in this study is mainly on the ig-
nition and volatile combustion, and char oxidation and gasification, which
need longer residence times, are not considered as they would need additional
mixture fractions in the context of tabulated chemistry. A generalized two
mixture fraction approach developed in a previous study [11] that can dif-
ferentiate between methane and volatiles is applied here. The first mixture
fraction Zpp describes the mixing of methane with the oxidizer [25]. The sec-
ond mixture fraction Zvo. = Zc vol. + Z0vol. + Zu,vol., Which is defined as the
sum of the element mass fractions of C, O, and H from volatiles, characterizes
the mixing of volatiles with the oxidizer. As the mixture fraction composition
must be known before the simulation, a fixed composition is mandatory. Oth-
erwise, mixture fractions for each species, that is released separately from the
particle would be needed, which is not feasible due to current memory restric-
tions. The computations of the flamelets must be repeated for all mixture
fractions within the lammability limits. Outside the lammability limits, an
interpolation technique assuming pure mixing is adopted [25]. To represent
heat transfer in the table, the flamelet calculation is repeated for different
enthalpy levels. A detailed description of the table generation process is given
in [11].

By pre-calculating flamelets, only equations for the trajectory variables
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have to be solved. Moreover, the species source terms can be directly taken
from the table. In the context of flamelet modeling, instead of the tempera-

ture equation, the enthalpy equation

Ooh  OpUsh O [N Oh\
ph L IPUs ( )+sh, 9)

ot | Oxs  Oxp \c,0xs
where S, describes the enthalpy exchange between particles and the gas-
phase, is solved. This has the advantage of a constant enthalpy for each
flamelet and no source term originating from chemical reactions must be

resolved on the numerical grid.

2.3. Interaction of Euler and Lagrange phase

The gas phase and the solid phase are fully coupled using the two-
way coupling approach through the source terms appearing in the govern-
ing equations at each computational cell with volume 2,. In the Eulerian-
Lagrangian framework, the particle equations are derived according to the
film model, assuming a uniform gas field around the particle. To capture the
gas-phase ignition, the domain size is discretized with cubic cells of length
dx, which is equal to the diameter of the mono-disperse particles for all sim-
ulations [21, 29]. Since using the gas phase quantities from grid cells with the
same size as the particles is not consistent with the film model assumption,
a filter is applied to provide a smoother field in the gas phase to evaluate the
state of the gas surrounding the particle consistently with the film model.
This approach has been proposed and validated in Ref. [21]. Also, to avoid
large particle source terms caused by small cell to particle ratios and to pro-

vide grid-independent values, the distribution coefficient ¢* for each particle
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k is adopted [21, 29]. The distribution coefficient is computed by a Gauss
function with a characteristic width Lg, centered at the k' particle posi-
tion. Similar to the distribution length L4 used by Farazi et al. [21, 29], Lq
is set to 2dpx where d, corresponds to the particle diameter. Then, the

source terms in the Eulerian equations can be written as

L dmb dUk, ,

Sppg=———Y ¢ PRk, 5+ mb —2 (11)
Q, z_: dt PP e gy

) 1 o dmF -

S o k prt,dev,i 12

P ¢ <—dt (12)
: 1 & dmk. .
ST = 5 Z ¢k . tclg,prtTIﬂfrt + ‘IIISrt,C (13)
Q, & dt

: 1 <A dm* :

Sh = _Q_ Z ¢k d—;th’gol + \Ij];rt,c (14>
& k=1

3. Experimental configuration and numerical setup

3.1. Experimental setup and optical measurements

The optical measurements were performed in an enclosed flat flame burner
(FFB) depicted in Fig. 1. Due to its excellent optical access, well-defined
boundary conditions are available from measurements. For further details on
the setup and configuration of the FFB, the reader is referred to previous
works [19, 20]. Coal particles were seeded through an injection tube with an

inner diameter of 0.8 mm.
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Figure 1: Schematic cross-section of the flat flame burner. Numerical domain used for the

simulations is highlighted in blue.

Regarding the bituminous coal investigated in this work, numerous ex-
perimental works from different groups have evidenced the dominance of
the homogeneous ignition mode [59, 60, 18, 17]. Moreover, previous experi-
mental studies also showed homogeneous ignition in oxidizing environments
[19, 20, 61, 62]. The particle sizes used in these studies ranges from 40 to 200
pm, in No or COy with oxygen from 5% to 40%. It indicates that the ignition
mode is less sensitive to particle size and oxygen enrichment but is impacted
mainly by the coal rank and particle heating rates. Hence, the chosen setup
represents an appropriate choice for the comprehensive study of sub-models
required for homogeneous ignition as the occurrence of heterogeneous ignition
is improbable for the selected boundary condition.

The optical setup is schematically illustrated in Fig. 2 and was extensively

described elsewhere [28]. Laser scanning utilizing an acousto-optic deflector
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(AOD) has been demonstrated in turbulent gaseous flames [63] and was im-
plemented for the present application in solid fuel combustion. The ignition
of the volatile flame associated with particle groups was experimentally de-
termined by the high-speed volumetric laser-induced fluorescence of the hy-
droxyl radical (OH-LIF). The OH-LIF setup consisted of a dye laser system
tuned to an output wavelength of 283.01 nm, a laser scanner, and an intensi-
fied CMOS camera for signal detection. The field of view of OH-LIF covered
the region in which homogeneous ignition occurred and the volatile flame
developed. Every ten successive planar images were used for a signal recon-
struction within a 3D volume of 18.7 x 18.7 x 3.8 mm?. The ignition height
was determined by using a normalised OH-signal image with fixed threshold
of 1.4, which dealt with the fluctuation of the background intensity of the
flat flame flue gas. By evaluating the particle velocity profiles for differently
loaded particle jets using the diffuse backlight-illumination (DBI) measure-
ments, the ignition delay time with respect to the start of the heating (i.e.,
particle crossing the flat flame) was derived.

A DBI system consisting of a CMOS camera and a high-power LED was
operated at 10kHz to measure the in-situ particle number density (PND)
and particle velocity profiles simultaneously. The DBI system imaged particle
shadow signals up to 13.7mm above the burner surface with a high spatial
resolution. After the binarization of DBI images, a particle jet was computed
by applying a fixed threshold on the mean DBI image, which included 95%
of all particles within its boundaries. The particle velocity was evaluated
employing time-resolved DBI image sequences using a combined PIV-PTV

approach (Davis 10, LaVision). The statistical evaluation was conditioned
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Figure 2: Sketch of the experimental setup of simultaneous OH-LIF and DBI measure-

ments.

3.2. Numerical setup and boundary conditions

This study focuses on the region of ignition. Therefore, simulations were
performed within the region with the physical size of 24mm x 32mm x 32mm
shown in Fig. 1. The domain is discretized with a three-dimensional Cartesian
mesh with a resolution dx = Eprt in the center of the domain and is slightly
stretched outward. The total grid consists of about 4 x 10° cells. Gas compo-
sition and temperature at the inlet of the simulation domain were adjusted
according to the flue gas composition of the flat flame, which was calculated

from a freely propagating premixed flame with an unburned temperature of
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300 K, an equivalence ratio of 0.56, and a constant coflow velocity to stabi-
lized the premixed flame. The results of the flame calculation are shown in
Table2. The 10% oxygen condition after the FF is chosen due to its high
relevance for the local conditions in real configuration. Particularly in the
quarl region, where the recirculated flue gas is mixed with the fresh oxidizer,
fuel-rich mixtures with low oxygen concentrations can be found. This has
been demonstrated in recent large scale simulations [12, 64, 65, 66]. In this
study, regions with oxygen concentrations similar to that of the fresh gas
down to nearly no oxygen have been identified in the region where volatile

ignition occurs.

Table 2: Operating conditions for the FFB.

Inlet  After FF
CH; 0.068 0.0
O, 0236 0.1
Ny,  0.696 0.696
COy, 0.0 0.0685
H,O 0.0 0.1355
o} 0.56

The experiment was carried out with a high-volatile bituminous Colom-
bian coal, with the composition given in Table 3. The experimentally deter-
mined mean diameter d,,,; of 120 um is used as an input in the numerical simu-
lations to generate particles positioned according to the distribution given by
the shadowgraphic measurements directly behind the flat flame. For the cur-

rent study, simulations with ascending particle injection rates were performed
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to study the effect of group combustion. For reference, one single-particle case
is studied as well. The initial velocity of the particles is given by the time-
resolved DBI measurements at the first measurement location behind the
flat flame and is dependent on the particle mass flow. As reported in Li et
al. [28], the two main reasons for lower axial velocity with increasing particle
rates are that particle-particle and particle-wall collisions reduce the kinetic
energy of particle group in the injection tube as well as a weaker thermal
expansion of gas due to lower gas temperatures in the post-FF region. The
particles are assumed to be injected directly into the hot gas stream with
the boundary conditions based on Table4 for single-particle configuration
(SP) and particle group configuration (GP). The coal type, atmosphere, and
surrounding gas temperature are the same in the single-particle and particle
group simulations in order to be able to link the single-particle analysis to

the particle group investigation.

4. Results

Several simulations with different combinations of devolatilization and
chemistry modeling were conducted in this study to investigate the effect
of model reduction for particle group ignition. The comparison of detailed
kinetics against tabulated chemistry represented by the FGM model will
demonstrate the influence of gas-phase chemistry treatments in the investi-
gated configuration. Also, different levels of detail of devolatilization mod-
els are considered in the comparison to assess the accuracy of different de-
volatilization models. An overview of the model combinations considered in

the simulations is given in Table 5.
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Table 3: Coal properties of Colombian Norte.

1: as received, 2: dry and ash free basis

Proximate analysis! wt. %

Moisture 3.5
Ash 8.7
Volatile Matter 36.9
Fixed Carbon 50.9

Ultimate analysis>  wt. %

Carbon 78.6
Hydrogen 5.3
Oxygen 13.7
Nitrogen 1.4
Sulfur 1.0

4.1. Validation

Matching the ignition delay times between simulations and experiments
is very challenging and it is always susceptible to both modeling errors and
uncertainties in the ignition delay definition. In the experiment, the measured
OH signals are normalized to the local intensity originating from the hot
exhaust gas of the flat flame before a threshold of 1.4 is applied to define
the homogeneous ignition onset. However, the threshold calculation can not
be directly applied to the simulation due to the non-linear dependency of
OH signals with the OH mass fraction. Therefore, three different thresholds

of 10%, 20%, and 30% of OH maximum mass fraction are considered in
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Table 4: Injection properties of particles for one single-particle setup (SP) and four particle

group configurations with ascending particle mass flows (GP1-GP4).

SP GP1 GP2 GP3 GP 4
Injection rate ( 1/ms ) - 1 3 6 9
Mean axial velocity (m/s ) 0.74 0.62 0.48 0.4 0.35
Axial velocity fluctuations (m/s ) 0.0 0.1 0.1 0.1 0.1
Radial velocity ( m/s ) 0.0 £0.04 £0.03 £0.025 = 0.02
Particle temperature ( K ) 300 300 300 300 300

Table 5: Model combinations for the simulations considered in this work.

Case Dev. model Vol. Comp. Gas chemistry model  Particle Injection
A0-A4 CPD dynamic Detailed kinetics (FC) SP;GP1-GP4
B.0;B.3 CPD fixed Detailed kinetics (FC) SP;GP3

C.0-C4 CPD fixed FGM SP;GP1-GP4
D.0-D.4 C2SM fixed FGM SP;GP1-GP4
E.0-E.4 SFOR fixed FGM SP;GP1-GP4

simulations. Based on these, mean and standard deviations of the ignition

delay are computed to allow for consistent comparisons with experiments.

Since in experiments particles are injected randomly in time and space,

the average particle injection rate Ni,; and particle velocity Upytin in the

simulations are imposed at the inlet such that they are consistent with the

experimental boundary conditions. Depending on the particle injection rate,

the number of particles in the domain increases until time tggs when the

first injected particles leave the domain through the outlet. For ¢ > tggg, the

system quickly reaches a statistically steady state. After reaching steady-
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state, the ignition delay time is calculated based on the ignition position and

the averaged particle velocity as

Lign |Y0H (
_ . 15)
<Uprt > |0<:E<{Eign

This approach is consistent with the measuring procedure of the igni-

Tign =

tion delay time in the group combustion experiments and previous numerical
simulations [11, 28].

Fig. 3 depicts the comparison of ignition delay times between simulation
and experiments for different particle injection rates reported in Table4. Ex-
perimental data scatter within two standard deviations indicated by error
bars, which mainly resulted from a broad particle diameter distribution and
the non-stationary particle mass flow rates. In addition to the detailed sim-
ulation, various simplified model combinations (see Table5) using different
devolatilization models are considered to investigate the effects of model sim-
plifications on the ignition delay times.

Comparing the detailed simulation results (FC-CPD) and the experimen-
tal data, excellent agreement is observed, which shows the accuracy of de-
tailed simulations in predicting ignition delay time. In the experiments, the
line-of-sight particle flow measurements and nonlinear dependency of OH-
LIF signals with OH mass fraction are the primary sources of uncertainty. In
the FC-CPD simulations, the model parameters for the CPD model are in-
terpolated as the C-NMR data for the employed coal are not available and
therefore are obtained from an empirical correlation. Also, particles are as-
sumed to be homogeneous spheres, which leads to uncertainty in the detailed
simulations.

The FGM model coupled with the most detailed devolatilization model
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Figure 3: Comparison of ignition delay time 7;4, between experiments (black error bars)
and A-cases, which are reference numerical simulations (continuous red line), for different
particle injection rates Ninj. The red dashed line (SP) indicates the experimentally mea-
sured single-particle ignition delay as a reference. The error bars in the detailed model
correspond to different thresholds of Yoy. Flamelet simulation results with different de-
volatilization models are also shown in blue (C-cases: CPD), green (D-cases: C2SM), and

pink (E-cases: SFOR), respectively.

(FGM-CPD) shows a similar agreement with respect to the ignition delay
time as the detailed simulation (FC-CPD). However, a slight underpredic-
tion of ignition delay time is observed in FGM results compared to detailed
simulations, especially at higher injection rates. It is interesting to note that
the FGM model coupled with simpler devolatilization models (FGM-C2SM
and FGM-SFOR) also predicts the correct ignition delay time. These results

are expected for both models at low injection rates as the model coefficients
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are fitted using CPD single-particle results. However, SFOR and C2SM still
match the experimentally measured ignition delay times reasonably well for
higher particle injection rates, although the respective conditions are not ex-
plicitly included during model fitting for the SFOR model. This observation
indicates that well-fitted devolatilization models can capture the ignition be-
havior of particle group ignition correctly, which was also previously observed

in other studies [22, 12].

4.2. Effect of injection mass flow rate on volatile combustion

The observations in Fig.3 show that increasing particle injection rates
leads to an increase in the ignition delay time. This difference originates
from the changes in the combustion chemistry and particle interactions with
the gas phase, which will also lead to different flame structures. As shown in
Fig. 1, particles are injected from a circular nozzle in the center of the domain
into a hot ambient gas. After reaching the statistically steady-state condition,
the flame shapes for different particle injection rates are compared to the
experimental observations. As shown in Fig. 4, the clipped 3D OH fields in
the simulations have been qualitatively validated with the corresponding 3D
OH-LIF measurements in the studied domain for different particle injection
rates. The similar qualitative trends for the transition from single-particle
ignition to a conical flame structure show that the physical behavior can
also be fully captured in detailed simulations (see A-series in Table5). The
same flame structure between the FGM models and the experimental results
were observed in the previous study by Nicolai et al. [11], which showed that
the FGM model can fully capture the physical behavior of volatile flames

associated with particle group combustion.
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Figure 4: a) Instantaneous field of OH mass fraction and particle temperature after steady-
state conditions showing different flame shapes in the coflow jet configuration, which is
the effect of different particle number densities based on the cases in Table 5 compared
with b) experimental 3D OH-LIF signals for the corresponding different particle injection

rates in the simulations [28].

Comparing all cases spanning the range from low to high injection rates,
an increase in ignition height can be found. This qualitative observation
corresponds to experimental and numerical findings in the literature [11, 27,
28]. It is observed that for low particle injection rates, the volatiles mainly
burn in spherical flames formed around individual particles, similar to the
single-particle behavior observed by Farazi et al. [21]. A transition from a
spherical flame around individual particles with higher OH concentrations
to a more continuous flame region around particle groups with lower OH

concentrations is observed by increasing the particle injection rate. Due to
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the presence of multiple particles, the energy demand for particle heating
increases significantly for higher injection rates. This leads to substantial
cooling of the hot surroundings and, as a consequence, lower rates of particle
heating and devolatilization, which causes delayed ignition.

As shown in Fig. 5a, after injection, due to the energy transfer required for
particle heating, the gas temperature T, drops in the vicinity of the particles
along the stream-wise direction (jet centerline) before the ignition location
is reached [29]. For the high-volatile bituminous coal, devolatilization begins
with releasing a small amount of light gases, which accelerates at higher tem-
peratures when the release of tars starts. Moving further downstream, at a
certain distance from the inlet for each case, volatile ignition happens where
the gas temperature Ty begins to increase. It is observed that injecting a
higher number of particles requires a higher amount of energy for particle
heating and shows a more significant temperature drop in the gas phase, as
shown in Fig. 5a. This strong cooling effect at the particle location for higher
particle injection rates leads to lower gas temperatures at the centerline. For
case A4, the temperature becomes so small that because of the high activa-
tion energies of the reaction, the ignition process is suppressed in the region
around the centerline. Additionally, when comparing Yo, at the centerline,
it is observed that for higher particle injection rates, local oxygen deficiency,
which leads to low oxidizer to fuel ratios, results in a suppression of volatile
ignition in that region [11]. However, a comparison of the radial profiles of
the gas temperatures after ignition (see Fig. 5b) shows that for higher particle
injection rates, the gas temperature increases at farther distances from the

centerline and reaches its peak at a certain distance, where ignitable mixtures
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Figure 5: (a) Axial profiles of the time-averaged gas temperature (Tg) and Og mass fraction
along the jet centerline, and (b) radial profiles of the time-averaged gas temperature at
different relative heights (compared to ignition height) for different injection rates (see

Table 5).

The energy transfer between particles and the surrounding hot gas in-
creases the particles’ temperature. As a result, thermal decomposition and,
consequently, devolatilization occur when particles approach a certain tem-
perature. As shown in Fig. 6, a slowed increase of T\, is observed for higher

particle injection rates, since denser streams with an overall higher mass
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demand significantly more energy for particle heat-up, which leads to lower
particle heating rates. It should be mentioned that since the state of combus-
tion is controlled by the experimental boundary conditions in order to cap-
ture the ignition and flame transition from single-particle to particle group
combustion within the flammability limit, only a limited range of particle
heating rates could be simulated, which for cases from the lowest injection
rate (A0) to the highest injection rate (A4) varies between the range of
45000-60000 K/s. The slower evolution of the particle temperature due to
lower heating rate leads to an overall lower thermal decomposition of the
particle structure and, consequently, a delay in volatile release and a lower
overall mass loss. However, the continuous volatile release in denser streams
causes a change in the flow dynamics around the jet, which leads to a radial
shift of the flame towards the outer ambience where fuel is fully burned and

sufficient quantities of O, remain to support combustion.

1250 F

Figure 6: Maximum particle temperature (Tpy) and particle normalized mass
(mpre/mpre,0) for single-particle (SP) and particle group (A-series) combustion (see Ta-

ble5), in which the ignition times are shown with dotted lines.
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With regard to combustion chemistry, as shown in Fig.4, it is observed
that increasing the particle injection rate leads to a decrease in Yop. Lower
OH production decreases the reactivity of the mixture, which is consistent
with the delayed ignition for higher particle injection rates. This is investi-
gated via a reaction pathway analysis of the intermediate reactions and their
corresponding reaction rates similar to the study by Farazi et al. [21]. There-
fore, different species profiles along with the location of the peak OH value
in the domain (peak reactivity region) are studied. As shown in Fig.7, by
increasing the particle injection rate, higher COy concentrations at the peak
reactivity region are observed. Higher COy concentrations cause a stronger
depletion of H radicals by reaction R1: CO;+H — CO + OH. In particular,
reaction R1 produces an OH radical by the consumption of an H radical and
does not affect the radical pool. However, a depletion of H radicals reduces the
reaction rate of the main chain branching reaction R2: O;+H — OH+O. In
this reaction, two radicals are formed and, in particular, the O radical even-
tually forms two OH radicals via the reaction R3: H,O + O — 20H. Thus,
the increased depletion of H radicals via reaction R2 for higher injection rates
leads to an overall reduction of the radical pool. In addition, concentrations
of Oy are reduced for higher injection rates, which further reduces reaction

rates of reaction R2, leading to the overall lower OH production.

4.8. Model simplification

Since quantitative information from experiments is limited for model as-
sessment, detailed simulations are required to investigate the source of uncer-
tainties and study the effects of simplifying assumptions. In order to fill the

gap between the detailed simulations and the simple models for pulverized
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Figure 7: Mass fractions of Oy and CO along the location of You max (peak reactivity
region) at relative distances to ignition position (e ) for different particle injection rates

(A-series in Table5).

coal volatile combustion, a systematic model reduction approach is used in
the current study. The model reduction is separated into three major steps.

First, the effects of a simplified volatile composition assumption are inves-
tigated. In most simplified coal combustion modeling approaches, especially
for flamelet models, it is required to assume a fixed volatile composition
in time as mentioned above, see Section 2.2.1. This assumption may be
susceptible to uncertainties based on the volatile release process. Detailed
devolatilization models, such as the CPD model, show that volatile compo-
sition, especially tars, will significantly change during devolatilization [21],
questioning the fixed volatile composition assumption’s accuracy. This as-
sumption is tested in the detailed simulation framework using detailed ki-
netics coupled with the CPD model in the single-particle and particle group

configuration to assess its accuracy in the ignition and combustion chemistry
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predictions.

In the next two steps, the model is further simplified by using FGM cou-
pled with different models with varying levels of detail for devolatilization,
where CPD, C25M, and SFOR models are used for comparison. The effect
of gas-phase chemistry on ignition and combustion chemistry is investigated
by comparing results from detailed kinetics and tabulated chemistry using
the same devolatilization model (CPD). Finally, using the FGM model, the
effects of different devolatilization models on ignition and combustion chem-
istry predictions are assessed. The accuracy of the simplified model is in-

vestigated based on the reference case results.

4.3.1. Effect of volatile composition on ignition and combustion

To study the effects of the volatile composition, a case assuming fixed
volatile composition (FVC) is simulated, in addition to the previously dis-
cussed detailed reference case. Fig. 8 shows the differences between the pre-
diction of the source volatile composition in the dynamic model compared to
FVC. The fixed volatile composition is calculated based on the time-averaged
values of each volatile species’ mass compared to the total released mass from
the particle. These modeling steps are accompanied by two assumptions,
which might affect homogeneous ignition and combustion: The species are
released with the same composition during devolatilization, and the heating
value of the volatile species remains constant over time. This can lead to
discrepancies between the volatile species predicted by the devolatilization
model and those released to the gas-phase. The influence of these modeling
assumptions, which are always present when simpler devolatilization models

are applied, is investigated in the following.
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erence) model compared to a fixed volatile composition assumption.

To investigate the effects of model simplification in particle group com-
bustion, it is required first to study the basis of the model simplification in a
simpler configuration, where the effect of volatile flame interactions in group
combustion is not present. Therefore, single-particle ignition and combustion
is compared for cases A0 and B0 described in Table 5.

As Fig. 9 shows, using the FVC assumption leads to an overall underpre-
diction of the ignition delay time. In order to investigate the reason for this
underprediction, the differences in the particle and the gas phase between the
reference case and the FVC model are studied. As shown in Fig. 9a, since the
particle temperature and normalized mass loss, which represents the volatile
release rate, are the same in the reference simulation and the FVC model, it
can be concluded that the volatile composition does not affect the particle

thermal decomposition, and the main reason for ignition underprediction in
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the FVC model is the effect of volatile composition on the gas-phase chem-
istry. As shown in Fig. 8, different released volatile species in the beginning
of the devolatilization in the FVC model, especially higher tar (CoHs) and
lower HyO fractions, leads to faster ignition. This different composition has
a direct effect on the gas-phase chemistry. Comparing the representatives of
radicals (OH) and major species (CO and Hy0O) in Fig. 9b shows that be-
fore ignition higher OH fractions in FVC model leads to faster ignition. In
contrast, after ignition, the FVC model reveals an overall underprediction of

major species for the subsequent combustion process.
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Figure 9: (a) Comparison between the particle temperature and mass loss ratio, and (b)
predictions of the peak OH representing the minor species and radicals, and H,O and CO
mass fractions in the gas phase representing the major species, for the reference case and

the FVC model. Dotted lines correspond to the ignition delay times for each case.
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To include the volatile flame interactions in particle group combustion,
the model simplification analysis is extended for comparing the ignition and
combustion chemistry in the particle group configuration. Based on Table 5
and Fig. 4, case A3, which shows the flame opening behavior, is selected as a
reference for further investigation of the model simplification. To assess the
accuracy of the FVC assumption in predicting ignition and combustion chem-
istry, the same case as for the FVC assumption (B3) is simulated, and the
differences in the prediction of ignition delay time and combustion chemistry

are compared to the single-particle configuration.

Table 6: Effect of the FVC assumption on ignition delay time for single-particle configu-

ration compared to the particle groups configuration

A0 BO A3 B3
Tign|ms] | 7.591 | 5.189 | 12.048 | 10.786
Eign| /0] 31.6 10.5

As shown in Table 6, an overall lower ignition delay time is also observed
in the particle group configuration comparing the FVC model with the refer-
ence case. However, comparing the relative prediction error in ignition delay
times (e;qn) in particle groups compared to the single-particle configuration,
it is observed that the FVC assumption leads to a smaller relative difference
in ignition delay time for particle groups. The reason for the smaller discrep-
ancies in the particle group configuration compared to the single-particle
configuration is that in the presence of multiple particles, two main charac-
teristics are changing in the gas phase. On the one hand, the released volatiles

from particles are exposed to strong mixing processes with the volatile gases
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of the other particles. On the other hand, the strong heat losses in the gas
phase as a consequence of heating multiple particles lead to lower gas-phase
temperatures. These two effects combined are substantially affecting the ig-
nition process by suppressing the early ignition of released light gases by
low temperatures. Moreover, the rich mixture formation in the center of the
domain facilitates long mixing times of the released volatiles, leading to a ho-
mogeneous mixture entering the flame front. This homogeneous mixture can
be sufficiently represented by the fixed volatile composition leading to small
overall errors compared to single-particle ignition in which the volatile mixing
and the strong heat loss effects are not present. The smaller difference shows
that the FVC assumption performs better for particle group combustion.

Fig. 10 shows the instantaneous and time-averaged OH fields. Due to the
jet’s axisymmetric geometry, time-average fields have been computed in the
central jet plane in the radial direction within a time range after a statisti-
cally steady-state condition has been reached. It is observed that the FVC
assumption does not affect the flame shape, and only minor differences in
the maximum OH values can be observed.

To further investigate the differences in the flame structure between the
two cases quantitatively, the averaged fields are computed at different rela-
tive heights compared to the ignition point. To assess the accuracy of FVC
assumption, the predictions of minor and major species in volatile combus-
tion chemistry are compared with the reference case. Gas temperature (T,)
and heat release rate (Q) are also considered to evaluate the heating pro-
cess involved in volatile combustion. As shown in Fig. 11, an overall minor

underprediction for OH is observed. Regarding major species, an overall over-
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Figure 10: (a) Instantaneous OH half-fields at t = 70ms and (b) time-averaged contour
plots of OH half-fields for A3: reference case, and B3: FVC assumption. Ignition heights
for A3 and B3 are highlighted by the red solid line and red dashed line, respectively.

prediction of O, and underprediction of HoO and CO in the FVC model (B3)
compared to the reference case (A3) are observed. Also, relative differences
in the gas temperature and the heat release rate predictions are in the same
order as the differences between the ignition predictions. This behavior is
consistent with the observations for the single-particle configuration.

The most obvious differences between the reference case and the FVC
model are observed in the HyO predictions. One main reason is that HyO is
mainly released at the beginning of the devolatilization process. Using the
FVC assumption leads to smoothing of the HyO release from the particle,
which causes the difference in the gas-phase predictions of H,O. However,
the differences occur mostly in the center of the domain, where combus-
tion is suppressed due to oxygen deficiency. In the peak reactivity region,
where ignitable mixtures are formed due to the mixing of volatiles with the
oxidizer (peak OH positions), differences between the prediction of the ma-

jor species are also minor. The overall minor difference between combustion
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Figure 11: Radial profiles of the time-averaged fields of a) OH and Oy mass fractions, b)
H50, and CO mass fractions, and c) heat release rate and gas temperature, at different
heights from the ignition point for the reference case (A3: solid lines) and the FVC model
(B3: dashed lines)

chemistry predictions in the reference case and the fixed volatile composition
model shows that the assumption of fixed composition and the resulting fixed
heating value of the volatiles commonly employed for creating the flamelet

manifolds in the FGM modeling is valid to good accuracy.

4.3.2. Effect of simplified models on volatile ignition and combustion

Next, the influence of the reduction of the gas-phase chemistry and the
influence of simpler global devolatilization models (e.g. C2SM and SFOR) on
both single-particle and particle group ignition and the subsequent volatile
combustion are analyzed. As already shown in Fig. 3, the ignition delay can

be correctly predicted by well-adapted C2SM and SFOR models for the con-
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Figure 12: Histories for the maximum particle temperature Tp,¢ (top) and particle nor-
malized mass my,/mp,0 (bottom); a) single-particle cases CO-EO b) particle group cases
C3-E3. Red circles indicate the reference solution with dynamic volatile release (A cases:

FC-CPD).

However, as depicted in Fig. 12 by the histories for the particle maximum
temperature and normalized mass loss for the single-particle case (Fig. 12a)
and the 6prt/ms case (Fig.12b), the ignition delay is only a marker for
the correct initial volatile release, while in the later stage, differences are
apparent. For the single-particle case, the particle temperature exhibits the
same steep increase for all models. Moreover, the reference solution depicts
the same trend for the particle temperature. Regarding the normalized mass
loss, differences are visible. After the initial volatile release, mass is released
faster using the simplified devolatilization models compared with the CPD
model. In the beginning, the reference simulation predicts the same release

as the FGM-CPD model, but after 15ms, the release rate increases due to a
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somewhat higher particle temperature. Overall, the particle conversion pro-
cess is similar for all models. The slight difference in the particle temperature
before the ignition between the reference model (FC-CPD) and the simplified
models originates from the slight differences in the devolatilization prediction
between different models.

Due to the increased heat transfer caused by a denser particle stream,
the final temperature for the group combustion case is approximately 150 K
lower compared to the single-particle case. After approximately 10ms, all
models predict the initial release of volatiles. Although simpler models are
fitted utilizing the heating rate of the single-particle CPD simulation, the ig-
nition delay time shows a marginal difference between the simplified models
for the particle group combustion. However, for the higher particle injection
rate case, differences become apparent with respect to the reference simula-
tion. The reference solution exhibits the longest ignition time, which is likely
caused by the dynamic volatile assumption, discussed in the previous sec-
tion. Moreover, the volatile release rate for all simplified models is higher
compared to the reference simulation. The reason for that is the slightly
higher particle temperature of the simplified models compared to the refer-
ence solution.

To study the influence of the devolatilization model on the subsequent
volatile combustion, Fig. 13 and Fig. 14 depict the profiles of the gas-phase
temperature Ty, heat release rate Q as well as representative major and minor
species at different axial heights Ax with respect to the ignition height. De-
spite the differences in ignition delay time, only minor differences between

the respective devolatilization models are visible.
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Figure 13: Radial profiles of mean gas-phase properties for all considered devolatilization
models at different axial distances. a) Gas temperature Ty; b) Heat release rate Q; ¢c) OH

mass fraction Yoy. Red dots indicate the reference solution.

At the ignition location Az =0 mm, as expected, marginal changes com-
pared to the inlet composition are visible for the species. However, the tem-
perature shows a significantly lower value in the center of the domain due to
strong heat exchange for particle heating. Compared to the reference simu-
lation, slightly lower temperatures can be observed for the simplified global
models. This can be explained by the larger ignition delay time of the refer-
ence case, which causes the particle and gas-phase to further approach their
equilibrium temperature. For the profiles inside the flame, all considered de-
volatilization models exhibit similar trends. In the center of the domain, the
low temperature and rich mixture of volatiles suppress the reaction as indi-
cated by the marginal heat release rate. This causes high CO and low O,

concentrations in the center. Moving further outside, the temperature peak
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Figure 14: Radial mean profiles of gas-phase properties for all considered devolatilization
models at different axial distances. a) O mass fraction Yo,; b) HoO mass fraction Y,0;

¢) CO mass fraction Y¢o.

as well as the OH and heat release rate peak indicate the flame location.
Compared to the reference simulations, differences are visible. The tempera-
ture profiles show different trends comparing finite-rate chemistry (reference
solution) and FGM simulations. While in the FGM simulations, the center-
line temperature gradually increases for higher axial distances, the reference
simulation shows a high temperature at the Ax = 5 mm location followed by
a lower temperature at Az = 10mm. The reason for these deviations can
be explained by reactions outside the flammability, which are not accounted
for in the FGM table [10]. For mixtures outside the flammability limits, as
mentioned in Sec. 2.2.1, an interpolation technique is adopted, assuming
pure mixing. However, mixing processes between released volatiles and the

local mixture around the particle can lead to states beyond the equilibrium
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state of the table. In the case of finite rate chemistry, chemical reactions will
occur if oxygen is left after a sufficient amount of time. In contrast, reaction
progress is not included in the FGM table at these states. This mechanism
can be identified by small heat release rates in the reference simulation con-
suming the remaining oxidizer in the center of the domain, leading to higher
temperatures and lower CO concentrations compared to the FGM simulation.

Considering the flame position marked by the maximum temperature, the
FGM gives favorable results. It is interesting to note that the OH-peak is
shifted outwards for the reference simulation, which can be again explained
by the fixed volatile assumption. However, all other species in the peak
reactivity region show excellent agreement with the reference simulation.
Besides the values in the fuel-rich zone inside the volatile flame, the simplified
models, regardless of the level of detail of the devolatilization model, predicts
the volatile combustion process accurately.

In summary, the investigated models exhibit differences in predicting ig-
nition delay times. However, the chemistry of the particle group’s volatile

flame is not strongly influenced by the different ignition delay times.

5. Conclusion

This study presented a comprehensive investigation on volatile ignition
and combustion of single-particle and particle groups conducted in a flat
flame burner. For this purpose, detailed reference simulations, which were
successfully validated against the available measurements, were exploited to
analyze the physical processes that determine the transition from single to

particle group combustion. The data were also used for the detailed assess-

49



835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

ment of simplified models.

The ignition delay times, as well as the global trend of increasing ig-
nition delay times for higher particle injection rates, showed agreement for
all investigated conditions, especially considering uncertainties in both sim-
ulations and experiments. Furthermore, the transition from spherical flames
around single particles at low injection rates to a continuous conical flame
around the central particle group at high injection rates observed by the 3D
OH-LIF measurements were correctly captured by the detailed simulations.

The transition’s primary causes have been related to the energy transfer
between particles and the gas phase and the local oxygen concentration. Also,
it has been found that increasing particle injection rates lead to weaker peak
reactivity regions in terms of OH peak values, which is due to higher radical
depletion by higher CO5 and lower Og in the peak reactivity region.

In addition to the investigation of physical processes, the complete thermo-
chemical state has been extracted from detailed simulations, which allows the
detailed assessment of reduced-order models for particle group combustion
and a comprehensive investigation of each reduction step to evaluate the
assumptions involved in pulverized fuel FGM modeling. In the first reduc-
tion step, the effects of fixed volatile composition, which is one of the main
required assumptions in FGM modeling, has been investigated in the single-
particle and particle group configuration. It has been found that using this
assumption leads to lower ignition delay times in both configurations due to
different volatile compositions and their effect on gas-phase chemistry. How-
ever, due to only minor differences in the particle group configuration, FVC

is a valid assumption for predicting homogeneous ignition and combustion
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861 In the next reduction step, the effects of gas-phase chemistry by com-
sz paring the detailed kinetic results with FGM modeling have been inves-
83 tigated. Additionally, to investigate the effect of different devolatilization
ss«  models in homogeneous ignition and combustion chemistry predictions, three
s models with varying levels of detail (CPD, C2SM, and SFOR) for the de-
s volatilization process have been considered in the FGM model simulations. The
g7 investigation revealed that well-fitted simple models (SFOR, C2SM) can cor-
ss rectly capture ignition delay times. However, as the parameters are quite
g0 sensitive to the heating rate, quantitative agreements are very dependent
sro - on the heating rates used for fitting the parameters. Only minor differences
e are visible between the devolatilization models considering the influence on
sz the flame structure. In contrast, the comparison with the reference simulation
sz revealed that the FGM model has some deficits, especially in the domain cen-
sra  ter, where the mixing processes exceed states tabulated in the FGM table. It
g5 was shown that the FGM method could not correctly capture the reactions
g7e - occurring in this region. However, the flame structure was correctly repro-
sz duced with respect to species production, except for an OH shift originating
grs  from the fixed volatile assumption.

879 Overall, this study showed that detailed devolatilization models coupled
ss0  with finite-rate chemistry could correctly capture the homogeneous ignition
ss1  and combustion for particle groups. Moreover, the FGM method presents
sz itself as a promising alternative for including detailed gas-phase kinetics at
ez a low cost to compute pulverized coal combustion.

884 In future works, different oxygen-atmospheres need to be investigated
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to expand upon this knowledge for particle group combustion in the entire
range of operating conditions observed in combustion chambers, including
different oxygen concentration and coal types. Moreover, extending the op-
erating conditions to turbulent flows will give new insights into particle group

combustion.
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