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Abstract. Particle clusters form in the turbulent flow of boilers and furnaces when
injecting pulverized coal. We study the difference in conversion behavior between a pul-
verized coal cluster and a single char particle. The simulations are done using a detailed
particle model in OpenFOAM R©. The detailed particle model is capable of spatially resolv-
ing char particles and solving transport equations for heat and mass inside the particles.
Furthermore, a surface chemistry model is employed for modeling gas-solid reactions in-
side the pores of the particles. The char particles are coupled to the surrounding bulk
fluid phase using explicit Robert-Neuman coupling. 2-D simulations are carried out for
a cluster of 16 particles and a single particle. Both simulations use the same initial con-
ditions, boundary conditions and particle properties. The results indicate that a lack of
oxygen penetration toward the center of the particle cluster alters the thermo-chemical
conversion behavior when compared to the single particle. On average this leads to a
decrease of the thermo-chemical conversion rates for particles in the cluster, resulting in a
reduction of solid carbon consumption compared to the same number of single particles.
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1 INTRODUCTION

Pulverized Coal Injection (PCI) is commonly used to improve the efficiency of blast
furnaces [1]. After injection the pulverized coal is subjected to turbulent flow conditions.
Under these conditions a strong tendency for the particles to form clusters in turbulent
flows exists [2]. The formation of such clusters might cause group combustion effects that
alter the thermo-chemical conversion of the pulverized coal.
The efficiency of PCI is determined by the conversion ratio in the raceway zone. The
residence time of injected coal particles is between 20 - 30 ms and ideally the particles
are completely converted before leaving the raceway zone [1]. However, group combustion
effects can lead to a slower thermo-chemical conversion of the particles inside a cluster
[3]. Conversion of particles inside the cluster could be inhibited due to a lack of oxygen
penetration towards the cluster center.
In the following work, we investigate the influence of clustering on the conversion of char
particles. In section 2 we introduce the detailed particle model implemented in the open-
source CFD toolbox OpenFOAM R© [4]. In section 3, we will introduce the setup of the
numerical simulations and the particle properties that were used to compare the thermo-
chemical conversion of a single char particle and a cluster of 16 equidistant particles. In
section 4, we discuss the differences in the thermo-chemical conversion behavior of the
coal cluster and the single particle in detail. Finally, we will summarize our findings in
section 5.

2 MODELING

All simulations are done using a resolved particle model implemented entirely in the
open-source software package OpenFOAM R© [4]. The porous particle is simulated as a
Euler-Euler phase that combines both a solid and a gas phase. The particle porosity is
the phase-fraction of the gas phase inside the particle. The particle pores themselves are
not resolved. The gas phase inside the particle is assumed to be stagnant and to have
constant pressure. Furthermore, the gas phase and the solid phase are assumed to be in
thermal equilibrium and have the same temperature. The gas phase around the particle
is treated as a Euler-phase, using a regular compressible solver available in OpenFOAM R©.
As a result, the simulations are split into two separate regions: the porous particle(s) and
the surrounding gas-phase. These two regions interact via an iterative explicit-Robin-
Neuman coupling [5]. The coupling is realized via a set of boundary conditions for tem-
perature and species mass fractions. Furthermore, we introduce a Stefan flow boundary
condition for the velocity at the interface. This velocity field results from the net produc-
tion/consumption of gas-phase species at the particle surface due to the thermo-chemical

conversion of solid carbon. The Stefan flow velocity ~Us is calculated using the following
relation [6]:

~n · ~Us =
1

ρ

Kg∑
k=1

ṡkWk (1)
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where ~n is the particle’s outer surface normal vector, ρ is the particle density, ṡk is the
net molar production rate of each species k in the gas-phase, and Wk is the molecular
weight of each species in the gas-phase.
The net production rate of each gas-phase species, ṡk is calculated via the surface chem-
istry model we implemented in OpenFOAM R©, using the SurfaceCHEMKIN [6] approach.
Moreover, the tortuosity and specific inner surface are conversion dependent and are mod-
eled according to the SKIPPY code [7].
The gas-phase chemistry is treated using the OpenFOAM R© laminar combustion model.
Mass diffusion is modeled using the Fuller correlation for binary diffusion [8]:

Dij =
1 · 10−3T 1.75
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Here Dij is the binary diffusion coefficient for two species i and j. T is the tempera-
ture, p is the pressure, Wi and Wj are the molecular weights of species i and species j,
respectively. The sums over νA and νB are summing over the diffusion volumes of each
atom/group/structure of each diffusing species i and j.
The effective diffusion coefficient Deff of each species i in the mixture is calculated ac-
cording to the Wilke mixture rule [9]:

Deff =
1−Xi∑
j 6=iXjDij

(3)

where Xi is the mole fraction of species i.
The current model supports stationary and constant sized particles. Therefore, the model
is applicable for the part of the thermo-chemical conversion process before particle shrink-
ing becomes relevant. Once Regime-III of the thermo-chemical conversion process is
reached, all chemical reactions occur at the outer particle surface, leading to the shrink-
ing of the external particle surface being an important effect to limit particle reactivity.
Furthermore, particle movement or rearrangement that might further influence the con-
version process, is disregarded in the simulation.

3 SIMULATION SETUP

We compare simulations of a static particle cluster of 16 2-D particles to simulations
of a single particle with identical initial conditions and boundary conditions. The initial
conditions and boundary conditions are listed in Table 1 and Table 2, respectively.

Table 1: Simulation initial conditions

temperature pressure velocity N2 O2 CO2 H2O

1500 K 1 · 105 Pa 10 m/s 0.483 0.326 0.105 0.086
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Figure 1: Schematic view of the particle cluster. The cluster as well as the whole simulation domain
have the following dimensions: dp=100 µm, X=1.25 dp, dcluster=8.75 dp, a=11.5, b=4, c=8. The inlet is
located at the left side, the outlet on the right. Initial conditions and boundary conditions are listed in
Table 1 and Table 2, respectively.

The particle arrangement inside the cluster and all relevant dimensions of the simulation
domain are shown in Figure 1.
Each particle has an identical circular shape of diameter 100 µm and uses the particle
properties in Table 3, which were taken from [10, 11, 12]. The same particle properties
have been used for simulations of pulverized char in literature before [13]. We employ a
subset of the reaction mechanism proposed by Cai and Pitsch [14] which is originally based
on GRI-Mech3.0 for the gas-phase chemistry. Inside the particles the surface reactions
listed in Table 4 are used. These reactions were adopted from the mechanism proposed
by Hecht et. al. [15].

Table 2: Simulation boundary conditions

boundary patch temperature pressure velocity mass fractions

inlet constant (T0) zero gradient constant (U0) constant (Yi0)
outlet zeroGradient constant (p0) flow stabilizing zeroGradient

upper-wall zeroGradient zeroGradient constant (U0) zeroGradient
lower-wall zeroGradient zeroGradient constant (U0) zeroGradient

particle-interface coupled zeroGradient Stefan-flow coupled
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Table 3: Particle properties [10, 11, 12]. Site density defines the number of surface sites available for
surface reactions.

density
heat

capacity
thermal

conductivity
enthalpy of
formation

site
density

specific
surface

porosity tortuosity

560
Kg/m3

2000
J/Kg/m3

1.33
W/m/K

2.1 · 107

J/Kg
1.7 · 10−8

kmol/m2

577120
m2/m3 0.53 5

Table 4: Surface reactions, their pre-exponential factors (A), and activation temperatures (Ta) [15].

surface reaction A [kmol/m2/s] Ta [K]

I Cs + O2 → CO + Os 3.3 · 1014 20129
II Os + 2C(b) → CO + Cs 1 · 108 0
III Cs + O2 → O2s + C(b) 9.5 · 1012 17109
IV O2s + 2C(b) → Cs + CO2 1 · 108 0
V Cs + CO2 → CO + Os + C(b) 3.6 · 1014 30193
VI Cs + H2O → H2+ Os + C(b) 4.35 · 1013 26671

4 RESULTS AND DISCUSSION

In this section, we assess the influence of particle clustering on the thermo-chemical
conversion of char particles. Therefore, we compare single particle and cluster simula-
tions. The simulations were stopped after 5 ms, because after that time the gas-solid
reactions shift towards the particle surface. This is equivalent to Regime-III gas-solid
thermo-chemical conversion. Without a shrinking particle surface this leads to diverging
temperatures at the particle surface. Currently, our model does not support any particle
shrinking effects. However, 5 ms corresponds to about 1/4 to 1/6 of the particle residence
time of 20 - 30 ms in the raceway zone [1]. Furthermore, it is questionable that a cluster

Figure 2: Temperature profiles around the cluster (left) and single particle (right). The single particle
has the same diameter as the 16 individual particles in the cluster. The single particle is displayed larger
for better comparison.
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Figure 3: Velocity magnitude profiles around the cluster (left) and single particle (right).The single
particle has the same diameter as the 16 individual particles in the cluster. The single particle is displayed
larger for better comparison.

would stay in a static configuration throughout the whole raceway zone. It is more likely
that the clusters break up and reform after some time [3].
Figure 2 shows that the gas-phase temperature around the cluster is higher than around
the single particle. This is a consequence of the higher energy release rates caused by the
thermo-chemical conversion of multiple particles. Figure 3 reveals that the flow around
the particle cluster behaves similarly to the one around the single particle. It suggests
that the particle cluster can be viewed as one macro-particle. It is also visible in Figure
3 that there is hardly any penetration of the bulk flow towards the cluster center. As
shown in Figure 4 and Figure 6, this leads to a depletion of O2 inside the cluster because
of the oxidation of solid carbon to CO.
Therefore, diffusive mass transport is the driving force for moving O2 into the cluster and
transporting CO outside. The CO that diffuses outward towards the oxygen rich cluster
boundary layer is then further oxidized to CO2, which produces most of the heat that is
released in the thermo-chemical conversion of the simulated char particles. Figure 2 and
Figure 5 show that the temperature around the cluster is indeed highest, where CO2 has
the highest mass fractions. This cluster conversion behavior as a whole is very similar
to the conversion behavior of the single particle, where O2 diffusion into the particle is
slow compared to the O2 consumption inside the particle by oxidizing solid carbon to

Figure 4: Oxygen profiles around the cluster (left) and single particle (right). The single particle has
the same diameter as the 16 individual particles in the cluster. The single particle is displayed larger for
better comparison.
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Figure 5: Carbon dioxide profiles around the cluster (left) and single particle (right). The single particle
has the same diameter as the 16 individual particles in the cluster. The single particle is displayed larger
for better comparison.

CO, which is then further oxidized to CO2 in the boundary layer. This explains why the
cluster as a whole behaves qualitatively similarly to the single particle.
Next we investigate the influence of clustering on the thermo-chemical conversion of each
individual particle. Therefore, we calculated the total consumption of solid carbon at two
times (0.1 ms and 5 ms) for each individual particle and then summed up the contributions
of each particle in the cluster to receive the total solid carbon consumption of the cluster.
Figure 7 shows the solid carbon consumption of each individual particle in the cluster,
as a percentage of the total solid carbon consumption of the whole cluster. We further
calculated the carbon consumption of the single particle simulation, and then divided it
by the total solid carbon consumption of the cluster. This yields a percentage equivalent
of the carbon consumption of the single particle simulation, that can be directly compared
to the particles in the cluster. The particle numbering in Figure 7 corresponds to the one
given in Figure 1. In the beginning of the simulation (0.1 ms), all particles of both sim-
ulations have almost the same carbon consumption. This is caused by the initialization
of the simulations where the whole domain has the same oxygen concentration, which is
consumed in the immediate surroundings of the particles. However, at the end of the
simulation (5 ms) less solid carbon has been converted by the particles at the center of
the cluster than the ones at the outside. The particle at the front of the cluster (particle 8

Figure 6: Carbon monoxide profiles around the cluster (left) and single particle (right). The single
particle has the same diameter as the 16 individual particles in the cluster. The single particle is displayed
larger for better comparison.
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Figure 7: Comparison of the contribution of each individual particle (numbered 0-15) inside the cluster,
as well as the single particle (sp) simulation to the total solid carbon consumption. All values are in
percentages of the total amount of solid carbon that has been converted by the whole cluster. The single
particle carbon consumption is also presented relative to the cluster carbon consumption.

in Figure 1) has the highest total carbon consumption of all particles in the cluster. This
particle is at the stagnation point of the gas-phase flow field and O2 is supplied through
advection at higher rates than to other particles. Particle 8 of the cluster and the single
particle have an almost identical total carbon consumption compared to the total carbon
consumption of the cluster (15% and 14%, respectively). The four particles at the center
of the cluster (particles 0, 1, 2, and 3) only contribute around 3% of the total carbon
consumption each, which means that those four particles together converted less solid
carbon than particle 8 alone.
Further comparison of the total cluster solid carbon consumption to the single parti-
cle simulation reveals that after 5 ms of simulation time the 16 particles in the cluster
have thermo-chemically converted only 45% of the solid carbon, that 16 individual, un-
clustered, particles would have converted.

5 CONCLUSION

In this work we were able to show that clustering has a significant effect on the con-
version of char particles. Our detailed particle model coupled with a surface chemistry
model akin to SurfaceCHEMKIN allowed us to show that most of the thermo-chemical
conversion occurs at the outermost particles of the cluster, while the inner particles have
very limited access to O2. Therefore, particles at the particle center are limited in their
thermo-chemical conversion rates.
When comparing the total solid carbon that has been converted by each particle in the
cluster, as well as an individual single particle, we can conclude, that after our 5 ms
simulation the cluster has only converted 45% of the solid carbon, that would have been
converted by the same amount of independent, un-clustered particles.
Our model is currently only capable of describing stationary, constant-size, particles.
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Therefore, the simulations were stopped at 5 ms, before particle shrinking becomes rel-
evant. Residence times of particles in the raceway zone are between 20 - 30 ms [1].
Therefore, further studies have to be made and it is planned to include particle shrinking
in our model in the future.
It is essential for PCI, that the injected coal particles are thermo-chemically converted as
completely as possible, before leaving the raceway zone. We have shown, that clustering
can lead to an inhibition of the thermo-chemical conversion of char particles in the cluster.
Therefore, the topic of particle-clustering during PCI warrants further research.
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