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a b s t r a c t

Particle clustering is an important phenomenon in dense particle–gas two-phase flow. One of the key
problems worth studying is the reacting properties of particle clusters in coal particle combustion process
in the dense particle region. In this paper, a two-dimensional mathematical model for the char cluster
combustion in airflow field is established. This char cluster consists of several individual particles. The
comprehensive model includes mass, momentum, and energy conservation equations for both gas and
particle phases. Detailed results regarding velocity vector, mass component, and temperature distribu-
tions inside and around the cluster are obtained. The micro-scale mass and heat transfer occurred inside
and around the char cluster are revealed. By contrastively studying the stable combustion of char particle
clusters consisting of different particles, the combustion properties of char clusters in various particle
concentrations are presented and discussed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Coal particle combustion is a two-phase reaction process, and
the local particle–gas two-phase heat transfer and the mass trans-
fer processes determine the coal combustion properties. The coal
combustion properties in dilute particle regions, where the coal
particle behaves independently, have been extensively studied by
experimental and numerical methods [1,2]. In practical applica-
tions, the global or local particle concentration in a combustor is
generally high, therefore the particle interaction has significant im-
pacts on the combustion process. In these cases, the well known
combustion properties of an isolated coal particle are not applica-
ble to interaction-dominated coal particle combustion in dense
particle regions [3].

In interaction-dominated coal particle combustion, most parti-
cles are presented as a cluster or a cloud surrounded by a diffusion
flame. This phenomena is different from that in dilute-suspension
pulverized coal boilers, and was observed and verified by lots of
experimental and theoretical studies [4–7].

Particle clustering is an important phenomenon in dense parti-
cle–gas two-phase flow [8]. It means that groups of several to doz-
ens of particles are congregated in the flow field due to complex
particle–particle and particle–gas interactions. Motions and heter-
ogeneous reactions of particles are presented as particle-cluster
moving and particle-cluster-gas reactions [9,10]. The key problem
in coal particle combustion process at dense particle regions is to
study the combustion characteristics of coal particle clusters.
ll rights reserved.
Several mathematical models have been developed to study the
coal cluster combustion characteristics in the last two decades.
Annamalai and Ryan [11,12] proposed a spherical cloud model to
study coal cloud combustion, and the results indicate that the par-
ticle interaction had a significant effect on ignition and char com-
bustion. Using a transient group combustion model, Du et al. [13]
studied the combustion process for a cylindrical cloud of pulver-
ized coal particle. The effects of particle density, particle size, and
cloud radius on ignitions were investigated. Recently, a 1-D model
for coal particle cluster combustion under quiescent conditions
was proposed by Shuyan et al. [14]. The impacts on ignition and
combustion of coal particle cluster by radiative heat transfer, group
number, ambient temperature, coal particle size, and oxygen con-
centration were studied. These simulation studies are very helpful
to understand the coal cluster properties. However, all these exist-
ing models treat the coal cluster or cloud as a uniform continuity
porous phase. Mathematically, the complex interactions of particle
to particle and particle to gas are taken into account by introducing
the gas volume fraction e in the cluster. This simplification is diffi-
cult to obtain a deep insight into the combustion process of coal
clusters. To gain a fundamental understanding of the coal cluster
combustion behavior, the key problem is to study the micro-scale
mass and heat transfer processes occurred inside and around coal
clusters. Unfortunately, the size of coal clusters to be considered in
the complex local two-phase flow is generally less than 1–2 cm
[10], and few literatures exist on either experimental or numerical
studies on these micro-scale mass and heat transfer processes.

Char combustion process is an important part of coal cluster
combustion. The time required to burn-out char is much longer
than that required for vaporization or pyrolysis. In this paper, the
combustion properties of char clusters are numerically studied.

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.06.009
mailto:liuxj@me.ustb.edu.cn
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

Cp gas specific heat, kJ/(kg K)
Dl diffusion coefficient of species l, m2/s
d particle diameter, m
~ns surface normal vector of char particle
Ml molecule weight of species l, kg/mol
Mc molecule weight of char, kg/mol
P pressure, Pa
Qn heat produced by gas reaction n, kJ/kg
QR radiative heat, kJ/(m3 s)
Qk heat produced by heterogeneous reaction k, kJ/kg
Rn rate of gas reaction n, mol/(m3 s)
Rs,k rate of heterogeneous reaction k at surface s, mol/(m2 s);
T gas temperature, K

Tc char temperature, K
T1 environmental temperature, K
ui gas velocity, m/s
u1 environmental gas velocity, m/s
Yl mass fraction of species l
Yl1 environmental mass fraction of species l
k thermal conductivity of gas phase, kJ/(m s K)
kc thermal conductivity of solid char, kJ/(m s K)
l fluid viscosity, Pa s
q fluid density, kg/m3

qc char density, kg/m3

xl the mass production rate of species l from chemical
reactions, kg/(m3 s)
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Rather than treating the char cluster as a continuity porous phase,
a char cluster consisting of several individual particles is consid-
ered. The two-dimensional mathematical model of char cluster
combustion in airflow field, which is derived from mass, momen-
tum, and energy conservation law, is established. In order to study
the effects of particle concentration on cluster combustion proper-
ties, six typical cluster combustion cases with different number of
inner particles are simulated. Detailed results of these six cases
regarding velocity vector, mass component, and temperature dis-
tributions inside and around the clusters are obtained, and these
results reveal the details of the micro-scale mass and heat transfer
processes occurred inside and around the char clusters. Finally, the
combustion properties of char clusters in various particle concen-
trations are studied and discussed.

2. Mathematical model

The computational domain and boundary conditions are shown
in Fig. 1. For purpose of simplification, a 2-D steady combustion
process is studied. The char cluster is assumed to be quiescent in
a steady high-temperature air flow. It consists of several individual
char particles. The diameter of a single particle d is 100 lm and the
diameter of a cluster is 9d. According to the relations between cal-
culation accuracy and the size of the computational domain [15],
we adopted a 270d � 180d rectangle domain which is sufficient
for the calculation accuracy in this paper.

2.1. Governing equations

For most of the real cases, the gas-cluster slip velocity in dense
coal particle–gas two-phase flow is very slow and the particle
Fig. 1. Schematic diagram of the cluster and computational domain.
Reynolds number Rep = qud/l (where u is the slip velocity, d is
the particle diameter, l is the fluid viscosity, and q is the fluid den-
sity) is limited in a small range. The particle Reynolds number used
in present work is about 0.12. Therefore, the flow calculated here
can be considered as a steady incompressible laminar one and
the governing equations of mass, momentum, species and energy
in 2-D Cartesian coordinates can be written in the following forms:

Continuity equation :
@
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Momentum equation :
@

@xj
ðqujuiÞ ¼ �

@P
@xi
þ @

@xj
l @ui

@xj

� �
ð2Þ

Species equation :
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where Dl and Yl are the diffusion coefficient and the mass fraction of
species l; xl is the mass production rate of the species from chem-
ical reactions. The subscript l = O, F, P, N, represent species of O2, CO,
CO2, and N2, respectively.

Energy equation of gas phase :
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where Cp and k are the specific heat capacity and thermal conduc-
tivity of gas phase; Ml is the molecule weight of species l; Rn is
the reaction rate of gas reaction n; Qn is the heat produced by gas
reaction n; Thus,

P
nMlRnQn expresses the heat produced as a result

of chemical reaction in the gas phase; QR is the radiative heat.
In this study, the effects of interior pore structures in char com-

bustion are neglected. The char particles only burn at the surface
areas, thus there is no reaction heat inside the solid phase.

Energy equation of solid phase :
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where kc and Tc are the thermal conductivity and temperature of so-
lid char. The energy equation of solid phase is written in cylindrical
coordinates which is preferable for studying char cluster heat trans-
fer process.

2.2. Combustion model

The combustion reactions considered in this paper include
Char–O2 reaction, Char–CO2 reaction, and CO–O2 homogeneous
reaction. Products of Char–O2 reaction are CO and CO2. However,



Table 1
Reaction rates used in the simulation.

Reaction Reaction rate Reaction rate constant Reaction heat kJ/mol References

I RI ¼ K ICO2 ðmol m�2 s�1Þ KI = 1.9 � 107 exp(�23815/T) 2.21 � 102 [20,22]
II RII ¼ K IICCO2 ðmol m�2 s�1Þ} KII = 1.291 � 105 exp(�22976/T) �1.73 � 102 [20,21]
III RIII ¼ K IIICCOC1=2

O2
ðmol m�3 s�1Þ KIII = 1.3 � 108 exp(�15094/T) 5.56 � 102 [21,23]

Where CO2 ;CCO2 ; CCO are mole concentration of O2, CO2, and CO (mol m�3).
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experimental results show that [CO]/[CO2] = 2500 exp(�6249/T)
[16] which implies the content of CO2 is much less and could be
neglected when temperature is higher. In this paper, we consider
the production of CO only. The reaction rates used in present sim-
ulations are listed in Table 1:

2Cþ O2 ! 2CO ðIÞ
Cþ CO2 ! 2CO ðIIÞ
2COþ O2 ! 2CO2 ðIIIÞ
Fig. 3. Mesh distribution near and inside the cluster.

Fig. 4. Mesh distribution for a particle.
2.3. Boundary conditions

As shown in Fig. 1, the environmental gas velocity u1, species
Yl1, and temperature T1 are set to be same as those under free
stream conditions. The inlet is in a uniform distribution. The fully
developed flow is taken as the outlet condition. Other faces are
symmetrical boundaries.

No-slip velocity condition and local mass and heat balance con-
ditions are employed at the interfaces between the particle and the
gas:

~uj ¼ 0
xs;j ¼ �ðqDlrYlÞs � ~nsX

k

McRs;kQ k ¼ �ðkrTÞs � ~ns þ kc
@Tc

@r

� �
s
þ Q s;r

ð6Þ

where ~ns is the surface normal vector;
P

kMcRs,kQk is the heat flux
rate produced by heterogeneous reactions; Qs,r is the radiative heat
flux rate of the particle surface.

3. Method of solution

It is well known that an efficient computational grid system is
important for a simulation work because it impacts the accuracy
and convergence of flow solution. Considering the geometrical
complexity of the simulation domain shown in Fig. 1, a combined
Fig. 2. Grid system of computational domain.
structured and unstructured grid system is adopted in this simula-
tion. As shown in Figs. 2 and 3, a non-uniform Delaunay Triangula-
tion unstructured mesh [17] with more nodes accumulated around
the particles is used for discretizing the governing equations of gas
phase. The gas mesh size inside or near the cluster is in the range
from 5 to 13 lm, or 1/20 to 1/8 of the particle diameter. This grid is
sufficient to accurately capture micro-scale mass and heat transfer
processes occurred inside and around the char cluster. The struc-
tured grid in cylindrical coordinates is adopted for solid phase.
As shown in Fig. 4, the node number of each individual particle
is 36 � 5.

In this grid system, both the governing equations of gas phase
and solid phase are discretized by finite volume method [18].
The power-low scheme is used for the convective and diffusive flux
terms to overcome the numerical diffusion as well as to obtain the
accurate flow field. The SIMPLE algorithm is used to resolve the
coupling between velocity and pressure [19]. The radiative heat
transfer process is modeled using the Monte Carlo Method.

4. Calculated results

We consider a char cluster consisting of several individual par-
ticles located in a steady high-temperature air flow. The diameter
of a single particle is d and the diameter of the cluster is 9d. In or-
der to study the effects of particle concentration on cluster com-
bustion properties, as shown in Fig. 5a–f, six cases with particle
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Fig. 5. Physical configurations of char particles inside the clusters.
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number N taking the value 1, 4, 7, 13, 19, and 27 are simulated,
respectively. The corresponding particle concentration of each
Table 2
Parameter settings.

Particle diameter d = 100 lm
Cluster diameter D = 9d = 900 lm
Computational domain 270d � 180d = 27 � 18 mm
Velocity of incoming gas flow u1 = 0.2 m/s
Gas temperature of incoming gas T1 = 1273 K
Gas pressure at ambient P1 = 1.01 � 105 Pa
Oxygen of incoming gas YO,1 = 0.233
Nitrogen of incoming gas YN,1 = 0.767
Apparent emissivity of char particle e = 0.8
Thermal conductivity of char particle kc ¼ 1:92 W=ðm KÞ
Laminar gas viscosity at 0 �C V0 = 1.32 � 10�6 m2/s
Gas density at 0 �C q0 = 1.293 kg/m3
cluster is 0.0123, 0.0494, 0.0864, 0.1605, 0.2346, and 0.3333. The
parameters used in the present simulation are listed in Table 2.
4.1. Gas velocity vectors nearby and inside the clusters

Fig. 6a–f illustrates the calculated gas velocity vectors nearby
and inside the clusters. The incoming velocity is 0.2 m/s and Re-
p = qud/l � 0.12. Since the inertia effects are negligible, there is
no separation of boundary layer occurred at the particle surfaces.
The flow pattern is nearly symmetric and similar to that of an ideal
flow. The velocity inside the cluster in any cases is very low com-
pared with the incoming velocity, and decreases rapidly when the
number of particles increases. For example, when the number of
particles is 4, the maximum gas velocity inside the cluster is
0.036 m/s, while it decreases to 0.014, 0.0046, 0.0022, and
0.00041 m/s when the number of particles is 7, 13, 19, and 27,



Fig. 6. (a–f) Calculated gas velocity vectors around the clusters.
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respectively. This implies that the air flow inside the cluster can be
neglected when the particle concentration is high.

4.2. O2 and gas temperature distributions nearby and inside the cluster

Fig. 7a and b show the O2 (mass fraction) and the gas tempera-
ture distributions around the cluster at N = 1. These two figures
show the typical combustion characteristics of a single char parti-
cle placed in a hot oxidizing atmosphere. The char is oxidized to CO
at the particle surface, and then CO is oxidized, forming the CO
flame region surrounding the particle. As a consequence, the O2

mass fraction decreases toward the particle and reaches zero value
at the particle surface, while the temperature increases toward the
particle and reaches peak value near the particle surface. Because
of the convection effects of the downstream along x direction, both
the O2 mass concentration and the temperature distributions are
asymmetric along x direction, and the maximum temperature re-
gion occurs at the rear of the particle. The temperature difference
between particle and flame caused by the combustion of CO is
up to 500 K.

Fig. 8a and b show the O2 mass concentration and the temper-
ature distributions around the cluster at N = 4. In this case, the
mean distance between any two particles is 4d. O2 and other spe-
cies in the boundary layer of a char particle may be influenced by



Fig. 7. (a and b) O2 and the temperature distributions around the cluster for N = 1.

Fig. 8. (a and b) O2 and the temperature distributions around the cluster for N = 4.
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other particles nearby. The local mass and heat transfer processes
of any char are different from those of an isolated particle. As
shown in Fig. 8a, the 0.001 contour line of O2 mass concentration
forms a triangle around the outer three particles. This indicates
that most O2 is depleted by the outer three particles. However,
each particle inside the cluster still burns with its individual flame
front in this case. Annamalai and Ryan [12] presented a compre-
hensive theoretic analysis on the interactive char combustion pro-
Fig. 9. (a and b) O2 and the temperature dis
cess. Based on the simultaneous analysis of inner transport rate
and outer cluster-gas transport rate, they proposed that as the
number of particles per unit volume increases continuously, the
char particle behaves sequentially, first as an isolated particle com-
bustion with individual flame combustion, then as a partial group
combustion, and finally as a sheath combustion. Adopting this clas-
sification, Char cluster combustion of N = 4 can be called as individ-
ual flame combustion.
tributions around the cluster for N = 7.
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Fig. 9a and b show the O2 mass concentration and the temper-
ature distributions around the cluster at N = 7. In this case, the par-
ticle concentration of the cluster is 0.0864. As shown in Fig. 5c,
there are six particles located in the outer circle, while the distance
between the outer particles and the center particle is the same as
Fig. 10. (a and b) O2 and the temperature dis

Fig. 11. (a and b) O2 and the temperature dis

Fig. 12. (a and b) O2 and the temperature dis
that of N = 4. Due to the increase of the particles, O2 is further de-
pleted by the outer six particles. The contour lines of O2 mass con-
centration of the outer six particles overlap and form a hexagon.
Similar to that of N = 4, each particle still burns with its individual
flame front in this case. Furthermore, from Figs. 6b to 9b, we can
tributions around the cluster for N = 13.

tributions around the cluster for N = 19.

tributions around the cluster for N = 27.
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find that when the number of particles is not more than 7, both the
flame temperature and particle temperature decrease as the parti-
cles increase.

As shown in Fig. 5d, 12 particles are located in two circles
around the central char particle for the cluster with N = 13.
Fig. 10a and b show the O2 mass concentration and the tempera-
ture distributions around the cluster at N = 13. The nine particles
located at the outer circle still burn individually, but the flame
fronts expand and contact with the neighbor particles’. The inner
four particles form a triangle flame around them. This is because
that there is only deoxidization reaction of CO2 to CO inside the
cluster due to the lack of O2, which is exhausted by outer nine par-
ticles of the cluster. The CO, produced by this deoxidization reac-
tion, diffuses outward and forms the inner group combustion
flame. This combustion type can be called as partial group
combustion.

When particles inside a cluster increase to 19 or 27, the particle
concentration of each cluster is up to 0.2346 or 0.3333, respec-
tively. As shown in Figs. 11 and 12, the production and burning
rate of CO of the outer particles are much faster, which results in
that the O2 could not diffuse into the cluster and the flame only
forms at the cluster surface. The gas temperature is nearly the
same inside the cluster, and the gas temperature surrounding the
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Fig. 14. CO profiles along
cluster surface is the flame temperature. Further analyses show
that the temperature difference among each particle inside the
cluster is less than 0.3 �C. The Char cluster behaves as a single large
particle with pore surface. The combustion under this mode can be
called as group combustion.

4.3. Species and gas temperature profiles along x direction

The more detailed distributions of species and temperature are
shown in Figs. 13–16. Fig. 13a and b show the O2 mass concentra-
tion profiles along x direction at y = 0 section. Consistent with O2

contours at different cases shown in Figs. 7a–12a, as the number
of particles inside the cluster increases, the consumption of O2 be-
comes faster, thus the O2 mass fraction near and inside the cluster
decreases rapidly, and the zero value region of O2 enlarges.

Fig. 14a and b show the CO mass concentration profiles along x
direction at y = 0 section. CO is concentrated at the region of
�0.6 mm < x < 0.6 mm (cluster region: �0.45 to 0.45 mm), where
the heterogeneous and homogeneous reactions are taken placed.
When the number of particles is not more than 7, the O2 supplied
by the bulk gas is sufficient for char combustion. The heteroge-
neous reaction of the coal particle cluster depends mainly upon
reaction I. Therefore, as shown in Fig. 14a, with the number of par-
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Fig. 15. CO2 profiles along x direction at y = 0.
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Fig. 16. Temperature profiles along x direction at y = 0.
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ticles increasing from N = 1 to N = 7, the inner CO mass concentra-
tion decreases due to the lack of O2, while the CO mass concentra-
tion at the outer layer of the cluster increases due to the increases
of total char amount. However, this trend reverses when the num-
ber particles increases further. As shown in Fig. 14b, when particles
are more than 7, the reaction rate of reaction II increases. There are
more deoxidization reactions of CO2 to CO inside the cluster due to
the lack of O2. Thus, the production amount and reaction rate of CO
increase with the increase of particles.

Fig. 15a and b show the CO2 mass concentration profiles along x
direction at y = 0 section. There are two separated CO2 peaks at x
direction which means a gas flame is formed around the cluster
center. The higher peak located at the rear region due to the con-
vection effects of downstream. As the number of particles in-
creases, the distance and the temperature difference between the
two peaks increase. This means the cluster flame front expands
and the combustion at the rear region is intensified as the particles
increase.

Fig. 16a and b show the temperature profiles along x direction
at y = 0 section. There are also two separated temperature peaks
occurred around the cluster center. From Figs. 13–16, there are
strong coherence among the CO2 peak shapes in Fig. 15, tempera-
ture peak shapes in Fig. 16, O2 valley shapes in Fig. 13, and CO val-
ley shapes in Fig. 14. When the number of particles is not more
than 7, as shown in Fig. 16a, both the global gas temperature and
the temperature difference between the peak and the valley de-
crease with the particles increase; when the number of particles
is more than 7, the deoxidization reaction of reaction II becomes
dominative reaction inside the cluster. Therefore, as the particles
increase, the production of CO increases, and CO combustion
around the cluster is intensified. Then, the flame temperature in-
creases and the flame front expands. At the same time, the inside
temperature becomes uniformly distributed as the particles
increase.

4.4. Particle temperature and burning rates

As mentioned above, the node number of each individual parti-
cle is 36 � 5. The temperature inside each individual particle is
investigated in detail. However, the calculated results show that
both the inner temperature difference inside a single particle and
the temperature difference among particles are very small in all
the simulation cases. The mean temperature of each particle at
case of N = 13 are listed in Table 3. The location of each particle
is marked in Fig. 5d. The temperature of particle 1 which is located
at the cluster center is the lowest, but the temperature differences
among particles are less than 0.3 K in this case. Fig. 17 shows the
mean temperature variation of the center particle with different



Table 3
Particle temperature and burning rate of each particle at the case of N = 13.

Particle location 1 2 3 4 5 6

Temperature (K) 1694.9 1694.9 1694.9 1694.9 1695.2 1695.2
Burning rate (g m�2 s�1) 3.756 3.996 4.008 3.984 6.552 7.224

Particle location 7 8 9 10 11 12 13

Temperature (K) 1695.2 1695.2 1695.2 1695.1 1695.1 1695.1 1695.1
Burning rate (g m�2 s�1) 7.272 6.876 6.204 5.484 5.208 5.316 5.832
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Fig. 17. Temperature variation of the center particle with different number of
particles.
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number of particles. At first, particle temperature decreases rapidly
as the particle increases, and then it reduces to a certain value
when the number is more than 7. This particle temperature varia-
tion trend is in agreement with the results discussed in Sections
4.2 and 4.3. When the number of particles is not more than 7,
the O2 supplied by the bulk gas is sufficient for char combustion,
and the oxidization reaction I is the dominative reaction inside
the cluster. Both the heterogeneous reaction I and homogeneous
reaction III are exothermic reactions. With the particle increases,
the O2 supplied to each particle decreases, and the reacting rates
of both two reactions decrease. Thus, the particle temperature de-
creases rapidly. However, when the number of particles is more
than 7, the reaction rate of endothermic reaction II increases due
to the lack of O2. The particle temperature mainly depends on
number of particles N
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Fig. 18. Variation of char burning rate with different number of particles.
the endothermic reaction II and exothermic reactions III. With
the number of particles increases further, the reacting rates of both
two reactions increase and the particle temperature does not
change evidently.

Table 3 also shows the char burning rate of each particle at the
case of N = 13. The char burning rate of particle 1 which is located
at the cluster center is the lowest, and that of particle 7 located at
the foremost part (upstream) of the cluster is the highest. As dis-
cussed in Section 4.2, at the case of N = 13, since the particle cluster
behaves as partial group combustion, the nine particles (No. 5–No.
13) located at the outer circle still burn individually, therefore their
burning rates are much faster than those of the inner particles.
However, because of the effects of convection, the particles located
at the front part (upstream) of the cluster burn more quickly.

Fig. 18 shows the variation of char burning rate with different
number of particles. At the case of N = 1, a single char particle
burns in a hot oxidizing atmosphere, and the burning rate is up
to 54.53 g/(m2 s). With the increase of particles, the burning rate
of each individual particle inside the cluster decreases. At the case
of N = 27, the cluster average, maximum, and minimum burning
rate are 2.99, 4.22, and 1.87 g/(m2 s), respectively. In all simulated
cases, the burning rate of the particle located at the foremost part
of the cluster is the highest, and that of the particle located at the
cluster center is the lowest.

5. Conclusion

In this paper, the micro-scale gas flow, heat transfer, and com-
bustion processes occurred inside and around char clusters are
studied. By contrastively studying the stable combustions of char
particle clusters consisting of different number of particles, the
combustion properties of char clusters in various particle concen-
trations are presented and discussed:

1. Under the simulation conditions in this paper, when particle
concentration is very dilute, particles burn under the condition
of isolated particle combustion. The quantities of O2 and CO are
relatively high around a single char particle, and the tempera-
ture difference between particle and flame caused by the com-
bustion of CO is up to several hundred degrees Kelvin.

2. When the particles inside the cluster increase but are not more
than 7, the O2 mass fraction and the cluster temperature
decrease. However, each particle inside the cluster still burns
with its individual flame front. The char clusters behave as indi-
vidual flame combustion.

3. When the particles inside the cluster are more than 7, the deox-
idization reaction of CO2 at inner particles’ surface is strength-
ened. As the particles increase, the CO concentration inside
the cluster increases and forms the CO combustion flame
around the cluster. The flame temperature increases and the
flame front expands. When the number of particles increases
to 19 and more, the char cluster behaves as an individual large
particle with pore surface. The gas temperature distributions
within the cluster tend to be uniform.
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4. The particle temperature decreases rapidly as the number of
particles increases at first. It reduces to a certain value when
the particles are more than 7.

5. The char burning rate decreases as the number of particles
increases. In all the simulation cases, the burning rate of the
particle located at the foremost part of the cluster is the highest,
and that of the particle located at the cluster center is the
lowest.
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