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A flamelet/progress variable approach for modeling coal particle ignition
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h i g h l i g h t s

� New flamelet progress variable model for single coal particle ignition.
� New analytical scalar dissipation rate profile for mixing of volatile matter.
� Particle surface diffusive/convective boundary condition in mixture fraction space.
� A priori and a posteriori analyses with a transported chemistry reference solution.
� FPV model correctly predicts ignition and flame structure.
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a b s t r a c t

In this work an extended flamelet/progress variable (FPV) approach is presented with the aim of simulat-
ing the homogeneous auto-ignition of single coal particles during devolatilization. The FPV approach
allows chemistry to be decoupled from the solution of the flow field, using a pre-computed strained fla-
melet look-up table. In this way, the complex chemistry governing coal particle ignition can be accurately
accounted for. In particular, one-dimensional unsteady laminar diffusion flamelet (ULDF) simulations are
used to generate the table, considering different values of the mixture fraction and the scalar dissipation
rate on the particle surface. A new analytical formulation for the scalar dissipation rate is used to solve
the diffusion flamelet equations in mixture fraction space, characterized by maximum values on the par-
ticle side, rapidly decreasing to zero towards the oxidizer. The time of the ULDF simulations is mapped to
progress variable to characterize the ignition process. The FPV approach is then used in laminar resolved
CFD simulations of the reactive boundary layer around a single coal particle. The flamelet table look-up is
performed using the cell values of the mixture fraction and progress variable along with the particle sur-
face values of the mixture fraction and scalar dissipation rate. Results from the new approach are finally
compared with results from a simulation fully resolving transport processes and the detailed chemistry
by means of a priori and a posteriori analyses. The results show that the FPV method is able to correctly
reproduce the flame structure before and during the ignition process.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

During the rapid heating of coal particles in pulverized coal
combustion and entrained-flow gasification systems, devolatiliza-
tion and ignition play a fundamental role in characterizing the
flame behavior, such as stability, pollutant formation and flame
extinction [1–6]. Therefore, understanding the phenomena that
take place during devolatilization and ignition is essential
designing coal thermo-conversion processes. A review of the
relevant physical and chemical processes during particle ignition

can be found in [7]. Although it is not fully understood if ignition
in pulverized coal boilers occurs for isolated single particles or in
clouds of particles, experiments focusing on the ignition of single,
isolated particles have been extremely important to gain more
fundamental understanding of the complex thermo-physical phe-
nomena taking place during ignition. Single particle experiments
were conducted e.g. at Sandia National Laboratories [8–10] inject-
ing single coal particles into a premixed flat flame burner or at the
Northeastern University [11–15] in a drop-tube furnace. Recently,
single coal particle experiments were also performed at the
Technical University Darmstadt using high-speed OH-PLIF [16].

Numerical simulations of ignition of the single particles can be
extremely important to obtain a better insight into the occurring
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chemical and physical phenomena. However, only a limited num-
ber of numerical studies have been published, using one- [17–19]
or two-dimensional unsteady approaches [20,21]. Vascellari et al.
[22] simulated the transient behavior of coal particle ignition from
the Sandia experiments [8] using different approaches. In particu-
lar, the unsteady 2D axial-symmetric resolved particle simulations
(RPS) showed that ignition generally starts in the wake region of
the particle for very lean conditions and then propagates around
the particle. In fact, the high strain rates in the rich zone in the
proximity of the particle surface push the ignition onset towards
lean mixtures with lower strain rates. These simulations also
demonstrated that ignition can be accurately modeled using one-
dimensional unsteady laminar diffusion flamelets (ULDF). How-
ever, this requires the use of suitable scalar dissipation rate profiles
over mixture fraction to reproduce the behavior observed from the
resolved particle simulations. Such detailed data in the reactive
boundary layer around the particle are usually not available in
LES and RANS simulations and must be incorporated in sub-
filters models. Sandia single-particle experiments were further
investigated using the resolved particle simulation approach by
Tufano et al. [23] testing different N2-O2 and CO2-O2 oxidation con-
ditions. A strong coupling was observed between the pyrolysis
kinetics, mixing conditions in the particle boundary layer and
homogeneous kinetics, showing that the local mixture conditions
on the particle surface had a major influence. These local condi-
tions are related to the diffusion/convective transport phenomena
of the produced pyrolysis gas through the interface between the
solid particle and the surrounding gas. Tufano et al. [23] also
showed that the prediction of ignition is largely influenced by
the kinetics of the homogeneous reactions. However, the use of
detailed chemical mechanisms can become computationally
expensive in fully coupled simulations.

In this work a new flamelet/progress variable (FPV) [24]
approach is proposed with the aim of predicting the ignition of sin-
gle coal particles during devolatilization. The solution of the flow is
coupled to the chemistry by means of a pre-calculated look-up
table generated by one-dimensional unsteady laminar diffusion
flamelet solutions. As demonstrated in our previous work [22],
diffusion flamelets can accurately predict ignition using suitable

scalar dissipation rate profiles, which describe the mixing in the
particle boundary layer. Hence, a new analytical expression for
the scalar dissipation rate is derived and employed to solve the fla-
melet equations in mixture fraction space. Additionally, a mixed
convective/diffusive boundary condition in mixture fraction space
is used to model the Stefan flow on the particle/fuel side. The fla-
melet look-up table is finally created considering different condi-
tions of the mixture fraction and the scalar dissipation rate on
the particle surface. The new FPV approach is tested by means of
a 2D axial-symmetric simulation of a single coal particle with a
constant devolatilization rate. The results are finally validated by
means of an a priori and an a posteriori analysis of a resolved par-
ticle simulation with detailed transport and chemistry. In the a pri-
ori analysis input data for table look-up (mixture fraction, progress
variable, surface mixture fraction and surface scalar dissipation
rate) are taken directly from the reference resolved particle simu-
lation with full chemistry and transport. The output variables
obtained from the look-up are then compared to the corresponding
values in the reference solution. In the a posteriori analysis, the fla-
melet table is directly coupled with the solution of the flow and
mixing field and then compared to the reference solution. Thereby,
the a priori analysis allows to generally estimate the capabilities of
the pre-calculated solution to correctly describe the chemical
behavior, while the a posteriori analysis facilitates a definitive
assessment of the fully coupled FPV model.

While the scope of the present study is a new FPV model
describing the ignition of single coal particles, the general
approach is not limited to this specific application. The proposed
FPV framework can e.g. be extended for turbulent conditions fol-
lowing previous work for gaseous flames. With respect to particle
combustion, heterogeneous reactions can be considered in a flame-
let framework by accounting for an additional mixture fraction
variable [25]. In addition, flamelet-based models have been also
used in LES of pulverized coal combustion [26–28].

The paper is structured as follows: first the numerical models
used for the single coal particle ignition are discussed in Section 2.
Then, the setup of the reference test case with a single coal particle
is described in Section 3. The numerical results are reported in
Section 4: first, the flamelet look-up table is analyzed in Section 4.1,

Nomenclature

Abbreviations
CFD Computational Fluid Dynamic
FPV flamelet progress variable
FTC Full Transport and Chemistry
SLDF Steady Laminar Diffusion Flamelet
ULDF Unsteady Diffusion Laminar Flamelet

Greek symbols
a progress variable weight
v scalar dissipation rate, s�1

DZ difference between maximum and minimum mixture
fraction

g dimensionless coordinate
U array of output variables obtained from the table look-

up
ULU functional form of the look-up table
x reaction rate, kg/s m3

/ generic transported scalar
q density, kg/m3

n normalized mixture fraction
f dimensionless burning rate

Roman symbols
Le Lewis number
Pe Peclet number
Sc Schmidt
C normalized progress variable
cp specific heat, J/kg K
D diffusivity, m2/s
F analytical function for the scalar dissipation rate
h formation enthalpy, J/kg
r radial distance, m
r� non-dimensional radius
T temperature, K
v velocity, ms
Y mass fraction
YC progress variable
Z mixture fraction

Subscripts
C progress variable
s particle surface
st stoichiometric condition
v volatiles
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