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NUMERICAL STUDIES ON COMBUSTION
CHARACTERISTICS OF INTERACTING PULVERIZED
COAL PARTICLES AT VARIOUS OXYGEN
CONCENTRATION
Chong Pyo Cho, Sangpil Jo, Ho Young Kim, and Sam S. Yoon
Department of Mechanical Engineering, Korea University, Seoul, Korea
The two-dimensional laminar combustion characteristics of coal particles at various oxygen
concentration levels of a surrounding gas have been numerically investigated. The numerical
simulations, which use the two-step global reaction model to account for the surrounding gas
effect, show the detailed interaction among the inter-spaced particles, undergoing devolatilization and subsequent char burning. Several parametric studies, which include the effects
of gas temperature (1700 K), oxygen concentration, and variation in geometrical arrangement of the particles on the volatile release rate and the char burning rate, have been carried
out. To address the change in the geometrical arrangement effect, multiple particles are
located at various inter-spacings of 4–20 particle radii in both streamwise and spanwise
directions. The results for the case of multiple particles are compared with those for the case
of a single particle. The comparison indicates that the shift to the multiple particle arrangement resulted in the substantial change of the combustion characteristics and that the volatile release rate of the interacting coal particles exhibits a strong dependency on the
particle spacing. The char combustion rate is controlled by the level of oxygen concentration and gas composition near particles during combustion. The char combustion rate
is highly dependent on the particle spacing at all oxygen levels. The correlations of the
volatile release rate and the change in total mass of particles are also found.

1. INTRODUCTION
Blast furnaces using pulverized coals have widely been used in various industrial applications due to their high thermal efficiency. Pulverized coals are injected
into a blowpipe through the pre-heated hot air stream [1]. The mixing process of
the pulverized coals and the hot air stream influences the behavior of the coal diffusion flame. Most analyses of pulverized coal combustion in a furnace have focused
on the single particle combustion even though, in reality, multi-particle combustion
is significantly different from the single particle combustion. The difference between
group combustion characteristics and single particle combustion characteristics is
due to the fact that the interaction among coal particles and the particle-gas interaction affect the net devolatilization rate and their subsequent char burning. Single
coal particle combustion [2–5] has been experimented and modeled extensively,
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NOMENCLATURE
A
Cp
D
k
mp
R0
wk
X
x
Y
Yk
y

surface area of spherical particle
specific heat
particle (or cylinder) diameter, 2R0 or
binary diffusivity
thermal conductivity
coal particle mass
initial particle radius
mass production or consumption rate of
species k
horizontal particle spacing,
nondimensionalized by particle radius
dimensionless streamwise coordinate
vertical particle spacing,
nondimensionalized by particle radius
Mass fraction of a species
dimensionless spanwise coordinates

v
n
q

mole fraction
dynamic viscosity, m=q
density

Subscripts
c
fixed carbon
d
dry and ash free coal or particle
diameter
k
chemical species
p
particle
v
volatile fuel
m
multiple particle property
s
single particle property
Superscripts

dimensionless value

but the results of these efforts have not contributed to the understanding of
multi-particle combustion, especially in highly convective environment. The objective of the current study is to numerically describe the burning behavior of the multiparticle combustion at varying devolatilization rates and the subsequent char
burning for the given group combustion environment. The computational results,
obtained from the single combustion and the multi-particle combustion simulation,
are correlated as a function of geometrical variance (i.e., inter-particle spacing) and
O2 concentration level.
2. MATHEMATICAL MODEL DESCRIPTION
2.1. Governing Equations for Gas Phase
Figure 1 shows the physical configuration of the calculation conducted herein.
As shown, the coal particles, exposed to a freely convective flow of high temperature,

Figure 1. Schematic of coal particles burning in a convective flow.

Downloaded By: [2007 Korea University - Seoul Campus] At: 07:42 1 October 2007

INTERACTING PULVERIZED COAL PARTICLES

1103

going from left to right, are evenly spaced in both x and y directions. It is assumed
that the buoyancy effect due to gravity is smaller than that of the free stream convection. Because this study aims to examine the effect of multi-particle interaction,
a 2-D Cartesian coordinate is more suitable than the axi-symmetric coordinate
system, which would have been more desirable for a single particle interaction simulation. The 2-D governing equations, listing conservation of mass, momentum,
energy, and species, for the gas phase are given as follows.
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The governing equations using the orthogonal coordinates have been transformed into general curvilinear coordinates. The equation of state of Peng-Robinson
[6] is used herein. The governing equations of gas phase are discretized into their
algebraic counterparts based on the finite-volume method. Then, the SIMPLEC
algorithm is used to solve gas flow, where the power-law scheme is used for the convective and diffusive flux terms. The (strongly implicit procedure) SIP method [7] is
used to guarantee numerical stability. To simulate the volatilization of methane,
CH4, the two-step global finite-rate chemical reaction model is also utilized [8].
The stoichiometric reaction equations for the oxidation of methane and carbon monoxide (CO) are written as follows.
CH4 þ 1:5O2 ! CO þ 2H2 O

ð5Þ

CO þ 0:5O2 ! CO2

ð6Þ

More detailed descriptions on the reaction rate of the gas phase are available in
refs. [8, 9].

2.2. Governing Equations for Solid Phase
The temperature of all particles is initially set constant, but it varies as time
increases. The mass and energy equations for the particle phase are given as follows.
qmp
¼
qt

Z X

_ 00c dA  m
_v
m

ð7Þ
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mp Cp;c

qTp
¼
qt

Z

_ 00c dA þ Dhv m
_vþ
Dhc m

Z
k

qT
dA
qn

ð8Þ

_ 00c and m
_ v represent the char oxidation rate and devolatilization rate, respectwhere m
ively. No soot is present in the volatilizing region because of the ideal complete combustion in the gas phase. The radiation effect is less dominant when the particle size
increases for the particle size approaching 100 mm [4]. To simplify our analysis and to
focus on the influence of geometrical variation on combustion characteristics, radiation effect is not considered in the current study. The specific heat of ash-free coal,
Cp;c ðTp Þ, is calculated by using the Merrick’s method [10].
2.3. Devolatilization Rate
The coal devolatilization rate is calculated by using the two-competingreactions model of ref. [11]. The volatile release rate is expressed as follows.
_ v ¼ md ða1 R1 þ a2 R2 Þ
m

ð9Þ

_ d ¼ md ðR1 þ R2 Þ
m

ð10Þ

Ri ¼ Ai expðEi =RTp Þ;

i ¼ 1; 2

ð11Þ

Here, a1 and a2 are known as adjustable constants, that provides larger degree of
freedom for a model user [11]. a1 represents the fraction of the volatile; the value
of a1 ¼ 0.38, which is currently used for all runs, according to the proximate analysis
[11]. Table 1 indicates the weight-portions of volatile, fixed-carbon, moisture, and
ash of a typical coal particle. The current model employs the dry-ash-free, so called,
daf model, [3] which yields approximately 40% and 60% weight-portions for volatile
and fixed-carbon, respectively. As for a2, 0.8 is normally used to induce rapid reaction.
2.4. Heterogeneous Carbon Reactions
The following three types of heterogeneous char reaction at particle surface are
used [12, 13].
C þ O2 ! CO2 þ 1:287  107 ðJ=kgÞ

ð12Þ

2C þ O2 ! 2CO þ 1:865  107 ðJ=kgÞ

ð13Þ

C þ CO2 ! 2CO  1:415  107 ðJ=kgÞ

ð14Þ

Table 1. Proximate analysis of coal (wt.%)
Volatile
35.4

Fixed carbon

Moisture

Ash

51.7

8.4

4.5
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Table 2. Kinetics constants [12, 13]
R ¼ A expðE=RTÞ
Reaction
Devolatilization rate 1
Devolatilization rate 2
Char reaction 1
Char reaction 2
Char reaction 3

A

Unit

E (J=kmol)

3:7  105
1:46  1013
1:225  103
3:007  105
4:016  108

s 1
s 1
m s 1
m s 1
m s 1

7:366  107
2:511  108
9:977  107
2:477  108
1:255  108

The char reaction rates for the above reactions are given as follows.
_ 00c1 ¼ ð1=bc1 Þqs YO2 ;s Ac1 expðEc1 =RTp Þ
m

ð15Þ

_ 00c2 ¼ ð1=bc2 Þqs YO2 ;s Ac2 expðEc2 =RTp Þ
m

ð16Þ

_ 00c3 ¼ ð1=bc3 Þqs YCO2 ;s Ac3 expðEc3 =RTp Þ
m

ð17Þ

Thus, the total species reaction rates on the particle surface are written as below.
Z
_ 00c1 þ m
_ 00c2 þ m
_ 00c3 Þ dA
_ c ¼ ðm
ð18Þ
m
_ 00c1 þ bc2 m
_ 00c2
_ 00O2 ¼ bc1 m
m

ð19Þ

_ 00c1 þ bc3 m
_ 00c3
_ 00CO2 ¼ ð1 þ bc1 Þm
m

ð20Þ

_ 00c2  ð1 þ bc3 Þm
_ 00c3
_ 00CO ¼ ð1 þ bc2 Þm
m

ð21Þ

where bc1 , bc2 and bc3 represent the stoichiometric ratios for the char reactions on the
particle surface. The kinetic constants of these reactions are given in Table 2.
2.5. Initial and Boundary Conditions
All coal particles are assumed to be spherical in shape and its temperature is
initially set as 600 K, considering the pre-heated process. The particle size is set
to decrease spherically when the particle loses its mass during combustion [14].
Blowing-velocity of volatile fuel from the particle surface is calculated by using
the volatile release rate, char burning rate, and shrinkage rate of a coal particle.
The initial oxygen mass fraction at the particle surface is set to be same as that of
the free stream condition. The mass fraction of other species can be recalculated
when the homogeneous and heterogeneous reactions occur:
YCO2 ;s ¼ YCO2 ;g þ mCO2 ;s =mg

ð22Þ
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YCO;s ¼ YCO;g þ mCO;s =mg

ð23Þ

YO2 ;s ¼ YO2 ;g þ mO2 ;s =mg

ð24Þ

where mCO2 ;s , mCO;s and mO2 ;s represent the mass loss or formation by the heterogeneous reactions at the surface for CO2, CO, and O2, respectively. mg is the total
gas mass on the particle surface.

3. RESULTS AND DISCUSSIONS
The coal particles were fixed in space in a freely convective gas flow of high
temperature and in 1 atmospheric pressure environment. The mole concentration
of O2 ranged from 15% to 95%. The range of the Reynolds number, based on the
particle diameter, was 1 < Re < 5, which was consistent with the operating range
of the previous experimental data of ref. [2]. The geometrical variance, defined with
X and Y as in Figure 1, ranged from 2 to 10 particle diameter. The Illinois No. 6 coal,
which was studied in ref. [2], was used in the current simulations. The symmetric
boundary conditions are applied to the upper and lower limits of the computational
domain to replicate the presence of neighbor particles above and below, as shown in
Figure 2. All simulations ran for a duration of around 40 ms (10 ms) on
28R0 < x < 46R0 and 2R0 < y < 12R0 domains in the x and y directions, respectively. A Cartesian grid of 370  60 was employed, the resolution of which seemed
to be acceptable based on the grid sensitivity, as shown in Figure 3. The smallest grid
size used was Dxmin ¼ 0.01R0 with the time step of Dt ¼ 5.56 ms.
Prior to simulating the particle combustion, the two-dimensional code is first
verified by applying the flow over cylinder case, which has been popularly studied
by numerous researchers. We verified the current code by comparing our computational results against the work of refs. [15–17]. The operating Reynolds number is
Recyl ¼ UD=v ¼ 40, where D is the cylinder diameter (or 2R0). Here, the geometrical
parameters (i.e., the wave size, inter-distance and location of the vortices, and flow
separation point, as in Figure 4) of the wake or recirculated region are computed.
Note that Figure 4 is the actual computed result, not a schematic. The comparisons

Figure 2. Grid system of coal particles.
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Figure 3. Variation of volatile fraction obtained by various numerical grids.

Figure 4. Streamlines for Recyl ¼ 40 and definition of wake parameters.

indicate that the current code is capable of predicting the results within 0.1–4.2%
error, based on the standard deviation, as in Table 3. The model is verified for the
case of flow over cylinder condition, and the model validation using the experimental
data for the particle combustion case will be presented in Section 3.1.
Table 3. Comparison present results with those of other published papers for Re ¼ 40

Cd
L=D
a=D
b=D
h

Constanceau and
Bouard [15]

Rengel and
Sphaier [16]

Wanderley and
Levi [17]

Present
study

Standard
deviation

N.A.
2.13
0.76
0.59
53.50

1.61
2.23
0.72
0.58
54.06

1.60
2.10
0.69
0.58
53.20

1.65
2.16
0.69
0.59
53.55

0.022
0.048
0.029
0.005
0.309
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3.1. Effect of Oxygen Concentration
When the particle temperature increases due to heat transfer from the hot gas
(or bulk flow), volatiles released from the particle are formed around the particle surface in the region called Region 1, as in Figure 5. Regions 1 and 2 constitute the
devolatilization stage, while Region 3 indicates the char combustion process. One
noticeable behavior is that the char combustion occurs at a faster rate when the
O2 concentration is increased; the time at which the combustion occurs for 95%
and 15% O2 concentration is approximately 4 ms and 12 ms, respectively.
Because of these volatiles of relatively cooler temperature and the endothermic
heat of reaction for each of the two devolatilization reactions, the increasing
temperature gradient of the particle is slightly reduced in the region called Region
2, as indicated in Figure 5, for the single particle case. Heat obtained from the burning of volatiles is fed back onto the particle surface and, therefore, the particle temperature and devolatilization rate are further increased. As the devolatilization rate
increases, the mass fraction of O2 on the particle surface sharply decreases due to its
mass loss in burning, noted with the devolatilization range of the upper 40% mass
loss in Figure 6a. O2 is further depleted because the volatile ejection pushes the O2
away from the particle. Also, O2 may be depleted because the supplied oxygen from
the bulk flow is mostly consumed in a flame surrounding the particle. Note that, for
a given O2 concentration, a rapid change in the particle mass fraction of Figure 6a is
consistent with that in the particle temperature of Figure 5 at their shift range of
4–12 ms. Also note that the greater the O2 concentration, the shorter the devolatilization period and, thus, earlier and faster the char combustion.
During the devolatilization process, the char combustion, whose heterogeneous
reaction requires O2 supply as indicated in Eqs. (12) and (13), on the particle surface
is restrained because of O2 depletion in the region. At the end of the devolatilization
process, the particle temperature rapidly increases to the flame temperature, close to

Figure 5. Temperature histories of single coal particle for various O2 concentrations.

Downloaded By: [2007 Korea University - Seoul Campus] At: 07:42 1 October 2007

INTERACTING PULVERIZED COAL PARTICLES

1109

Figure 6. a) Particle mass fraction histories for various O2 concentration and b) devolatilization time
versus O2 concentration for various Reynolds number.

 2500 K, as in Figure 5 (see the peak in Region 3). Predictions by the current model
are validated with the experimental data: Figure 6b shows the devolatilization time
(or period) for a single coal particle combustion at various oxygen concentrations,
the results of which are in good agreement with previously obtained experimental
data obtained for a relatively low Reynolds number, ranging 1 < Re  10.
At higher O2 concentration (i.e., 35%), the envelope-flame, depicted with white
color in Figure 7a, is in closer touch with the particle surface than the flame with
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Figure 7. Temperature contours with O2 concentration in air at 1.8 ms: (a) 35% O2, and (b) 15% O2.

smaller O2 concentration (see Figure 7b). During the char combustion process, the
enlarged CO layer, produced from the char reaction of Eq. (13), is reacted with
the incoming O2 as indicated in Eq. (6). As a result, O2 is mostly consumed at the
outer surface of the CO layer. Meanwhile, CO is also consumed during the reaction
process of Eq. (6). At this point, O2 penetration to the particle surface becomes easier
due to the partial removal of the CO layer. Then, O2 is reacted with the carbon as in
Eq. (13) and their reaction produces the CO layer again around the particle’s
immediate surface and, thus, the CO layer is enlarged again. This recurrent process
continues during char combustion process until the complete combustion of the particle, as indicated by the continual frequent peaks of the surface mass flux histories in
Figure 8. As shown, when O2 concentration is increased, the burning of the volatiles
is greatly enhanced as the particle surface mass flux is greater for all time. Note that
the similar trends corresponding to O2 concentration of 75% and 95% are not
shown in Figure 8 for clarity.

Downloaded By: [2007 Korea University - Seoul Campus] At: 07:42 1 October 2007

INTERACTING PULVERIZED COAL PARTICLES

1111

Figure 8. Total mass and flux on the particle surface for various O2 concentrations.

3.2. Effects of Inter-Particle Spacing on Volatile Release Rate
Figure 9 shows the snapshot of the flame configuration at 4 ms in the devolatilization process. The O2 concentration of the surrounding gas is at 15% and the
horizontal spacing, X, between particles is set as 4 and as 10 for Figures 9a and
9b, respectively. Here the first and second particles are referred to as the ones located
upstream and downstream, respectively. At the early stage of the combustion process, envelope-flames are formed around the particles. As the envelope-flames
branch out, the flames are conglomerated into one single flame. When X is reduced,
the single flame appears comparably faster than the case with larger X, indicative of
group combustion characteristics when particles are closely situated.
The temperature increase of particles inside the single flame, especially the
second particle, is slowed down because of the volatiles of relatively low temperature. The reduced convection effect (i.e., insufficient O2 delivery) due to the second
particle location is another reason for the lower temperature of the second particle.
Figure 10 shows the nature of the second particle’s lower temperature, as compared
with that of the first or single particle at 15% O2 concentration; here, the first particle combustion characteristics are nearly the same as those of the single particle
and, thus, their lines overlap. When these two particles are located farther with
increasing X, then the trend of the second particle combustion characteristic is
leaning toward that of the single particle. However, when X ¼ 20, the trend is, in
fact, reversed, which is unexpected. This sudden change in the trend is related with
the endothermic process of Eq. (14) during the heterogeneous reaction. Further
details on this issue will be explored and explained in Section 3.3.
Figure 11 shows the snapshot of the flame configuration at 9 ms, in the devolatilization process; the char combustion is not initiated up until 12 ms at 15% O2
concentration as indicated in Figure 6a. The surrounding O2 concentration is at
15% and the vertical spacing, Y, between particles was set as 4 and 6 for
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Figure 9. Temperature contours with horizontal particle spacing at 15% O2 air (Y ¼ 20, 4 ms).

Figure 10. Temperature histories of the second particle with horizontal particle spacing at 15% O2 air.
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Figure 11. Temperature contours with vertical particle spacing at 15% O2 air (X ¼ 10, 9 ms): a) Y ¼ 4, b)
Y ¼ 6, c) comparison of the first and second particle temperature histories when Y is reduced.

Figures 11a and 11b, respectively, with fixed X ¼ 10. Symmetric boundary
conditions are applied to the upper and lower limits of the computational domain
to replicate the presence of neighbor particles above and below. When the O2 concentration is 15%, it is observed that the individual particle flames are merged with
those of their neighbor particles at smaller Y; this mergence is shown in Figures 11a
and 11b. The region between two particles is overshadowed (relatively larger ‘‘darker’’ area) and closely connected by the larger amount of volatiles of relatively lower
temperature in Figure 11a, whose characteristics eventually lead to group combustion in a later time. Meanwhile, this so called in-between region becomes less overshadowed by the volatile when Y is increased and, thus, the region of high
temperature between particles is more predominant (larger white area).
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In Figure 11a, volatiles are released from the first particle are convected downstream, toward the second particle. During this drift, O2 between particles is consumed and, consequently, the flame between particles becomes extinguished.
Because of the accelerated convection through the squeezed channel in the case of
the reduced Y value, the first particle is subject to enhanced heat transfer and, thus,
its temperature and devolatilization rate are increased; see Figure 11c for higher temperatures of the first and second particles. The first particle temperature is generally
larger than that of the second because of the following reasons. First, the sufficient
O2 supply near front of the first particle enhances the combustion, and this enhancement induces more volatile emission of the low temperature. Second, these released
volatiles are drifted downstream and reduce the temperature near the second
particle. Further, because of the volume occupation of these volatiles, sufficient
O2 supply near the second particle region is prevented.

The volatile release rates, V_ 1;2 ¼ dV1;2 =dt15% , of the first and second particles
at 15% O2 concentration are plotted on X-Y parametric dimensions (which differ
from x-y coordinate dimensions) as in Figures 12a and 12b, respectively. The volatile

Figure 12. Relative volatile release rate of interacting particle to that of single particle at 15% O2 air: a)
first particle and b) second particle.
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release rate of the multiple particles is non-dimensionalized by the single
 particle volatile release rate of the corresponding O2 concentration, V_ s ¼ dVs =dt15% . When X is
reduced as in Figure 12a, V_ 1 is also reduced due to the accumulation of the volatiles
of low temperature for most of the Y range. However, when Y is smaller than 6, V_ 1
increases and reaches up to around V_ 1 ¼ 1:015 at Y ¼ 4, because the flow acceleration due to the smaller Y causes greater heat transfer (i.e., convection) through
the squeezed channel. At this small Y, the enhanced heat transfer effect is the greater
driving mechanism over the competing effect of the volatile accumulation, which
occurs at small X. This cross-change occurs at around Y ¼ 6, as mentioned above.
Figure 12b also shows V_ 2 behavior at various X and Y. When X is reduced, V_ 2
is also decreased. Further, when Y is reduced at a smaller X, V_ 2 reduces more, reaching its value down to approximately V_ 2 ¼ 0:77. The reason for this behavior is previously explained in detail in discussion of Figure 11; as the Y decreases, the second
particle receives more volatiles from the first.

One may further scrutinize the V_ 1;2
behavior on the X-Y map while observing

the results obtained at different O2 concentrations. Figure 13 shows the V_ 1;2
pattern

Figure 13. Relative volatile release rate of interacting particle to that of single particle at 50% O2 air:
a) first particle and b) second particle.
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at increased O2 concentration, 50%. While comparing V_ 1 of the first particle at 15%
and 50% O2 concentrations, in Figure 12a and Figure 13a, respectively, one may see
that V_ 1 is little affected by the reduction of X at 50% O2, a result that is different
from that of the case with 15% O2. It seems that the variation in X cannot influence
the V_ 1 of the first particle at higher O2 concentration. The reason may be as follow:
first, at higher O2 concentration, the hot flame zone (the white zone as in Figure 7)
approaches to the particle surface closer and, thus, the volatile accumulation due to
the reduction of X is prevented. Second, volatile consumption is further increased
with a larger flame at higher O2. The effect caused by flow acceleration at reduction
of Y is also manifest in Figure 13a. This increase in V_ 1 is only magnified when O2
concentration is increased, shifting its value from V_ 1 ¼ 1:015 of Figure 12a to
V_ 1 ¼ 1:03 of Figure 13a for Y ¼ 4.
Figure 13b indicates that V_ 2 of the second particle is independent of X at
higher O2 concentration, similar to the case of the first particle in Figure 13a. However, as the Y decreases, V_ 2 increases, a trend which is exactly the opposite from that
of the case with a lower O2 concentration; see Figure 12b. As mentioned earlier, the
volatiles of low temperature is no longer sufficiently supplied from the first particle
when O2 concentration is increased because the volatiles are mostly consumed. As a
result, the combustion due to the volatiles induces the local temperature rise near the
second particle, which, in turn, induces a larger V_ 2 . Moreover, enhanced convection
effect through the squeezed channel with reducing Y also causes V_ 2 to increase,
whose value reaches nearly V_ 2 ¼ 0:95 for a wide range of X.

3.3. Effects of Inter-Particle Spacing on Total Mass Loss Rate
Figure 14 shows the CO level at two different configurations during charcombustion; the particles in Figure 14a are densely situated while the particles in
Figure 14b are located at a large inter-space distance. When the particles are densely
situated, the CO layer, formed by Eqs. (13) and (14), has a tendency to merge
together and their merge seems to produce more CO overall. Even for sparsely
located particle of Figure 14b, the second particle seems to produce more CO than
that of the first particle. Here, it is suspected that the CO2 production of Eq. (6) from
the first particle must be adding CO reactant for the endothermic reaction in Eq. (14).
This hypothesis is validated in Figure 15, which shows largely distributed CO2 when
enough O2 supply is allowed with larger X and Y. This CO2 production from Eq. (6)
is combined with char or C and their reaction results in larger CO production at the
second particle. Furthermore, since CO production using CO2 reactant is the endothermic process (see Eq. (14)), the second particle temperature may decrease when
CO is overly produced. There will be a cross-point at which this phenomenon of
Eq. (14) dominates the effect of oxidation of Eqs. (12) and (13) as in the case of
X ¼ 20 in Figure 10. Previously, it was shown, in Section 3.2, that increasing X
caused the combustion characteristics of the second particle to approach those
of the first or single particle; furthermore, the second particle temperature rose.
However, when X increased too much, CO2 production was magnified, and the
endothermic reaction of Eq. (14) was also enhanced, which resulted in the reversed
pattern in Figure 10.
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Figure 14. CO contours for the different particle spacing at 15% O2 air (25 ms): a) X ¼ 6, Y ¼ 8,
b) X ¼ 20, Y ¼ 20.

The effects of X and Y variations on the rate of the particle’s total mass loss
were investigated. As mentioned, the entire coal particle combustion comprises the
devolatilization process (see Eq. (5) of homogeneous reaction) and the subsequent
char combustion (see Eqs. (12)–(14) of heterogeneous reaction). The definition of
total mass loss includes the mass loss resulting from the devolatilization and char
_ 1;2 , always less than zero, is used
combustion processes. The variable, dM1;2 =dt ¼ M
to represent the mass loss rate of the first and second particles, respectively. Here
_ 1;2 is nondimensionalized by the mass loss rate of a single particle, M
_ s , and thus
M


_
_
_
_
M1;2 ¼ M1;2 =Ms . As a result, M1;2 can be greater than unity when the mass loss rate
of the first or second particle is greater (due to a certain mechanism, enhanced by X
and Y variations) than that of a single particle. We have found that the change in
_  becomes more prominent with X and Y variations when O2 concentration is
M
1;2
relatively low (i.e., 15%, rather than any high concentration). Therefore, the results
and discussion are largely weighted toward the case with 15% O2 concentration.
_  , shown in Figure 16a indicates
The total mass loss rate of the first particle, M
1

_
that, generally, M1 is greater than unity for most of the X and Y ranges. When Y is
reducing, the convection effect is enhanced and, thus, the total mass loss rate of the
first particle increases gradually. However, when Y reaches at around 6, the mass
loss rate makes a sudden turn and starts to decrease. The reason for this behavior
is that the volatile release rate suddenly increases as Y < 6 (see Figure 12a) and
the reaction of CH4 with O2 is expedited. Thus, large amount of CO (see Eq. (6))
is produced. When CO covers the first particle surface (as in Figure 14),
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Figure 15. CO2 contours for the different particle spacing at 15% O2 air (25 ms): a) X ¼ 6, Y ¼ 8 and
b) X ¼ 20, Y ¼ 20.

O2 penetration to the particle surface becomes difficult. In this case, efficient char
consumption of Eqs. (12) and (13) is prevented. Furthermore, CO itself consumes
O2 during the reaction of Eq. (6). As a result, the mass loss rate is reduced. When
_  also decreases for the similar reason
Y is relatively large (i.e., Y  20) and X < 8, M
1
of the CO layer consuming oxygen, of which phenomenon tends to prevent efficient
char combustion.
Figure 16b shows the similar trends as the case in Figure 16a. The only notable
difference is that the mass loss of the second particle is even greater than the single
particle mass loss when X and Y are relatively large (i.e., X > 12 and Y > 12).
Although it is expected that the second particle combustion characteristics would
converge to the single particle combustion behavior when X and Y are relatively
large, large mass loss was observed for the second particle. The reason for this behavior is that the large production of CO2 from Eq. (6) is combined with char (or C), as
in Eq. (14), whose process expedites the mass loss of char (or C).
_  and M
_  at 50% O2 concentration. Generally, their change
Figure 17 shows M
1
2
in mass loss is less affected by the X and Y variations because of higher O2 concentration. Sufficient O2 supply allows more stable burning and is less susceptible to the
_  in Figure 17a when
geometrical change in the particle location. The decrease in M
1
X < 10 or Y < 7 results from the same argument used in Figure 16a; the CO layer
covering the particle, which causes O2 depletion and the subsequent burning. When
increasing X at smaller Y (i.e., Y  5), one noticeable behavior is seen in Figure 17b.
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Figure 16. Relative total mass change rate of interacting particle to that of single particle at 15% O2 air:
a) first particle and b) second particle.

At small Y, flow is accelerated and, thus, O2 is better supplied. Furthermore, the
second particle is less affected by the CO layer released from the first when X is
sufficient large. Thus, the mass loss is accelerated as X increases at relatively small
Y as shown in Figure 17b.
We have correlated the dimensionless volatile release rate (V_ 1 ) and the total
_  ) relations shown in Figures 12, 13, 16, and 17. The correlations
mass loss rate (M
1
are as follows.

V_ 1;2
¼ C1 vC2 X C3 Y C4

ð25Þ

_  ¼ C1 vC2 X C3 Y C4
M
1;2

ð26Þ

Here, v is the mole fraction of O2. The coefficients, C1;2;3;4 presented in Table 4 are
applicable for the following range of the parameters, 0:15  v  0:95, 4  X  20
and 4  Y  20. The correlations are accurate within 5% error in most X and Y
domains. Near boundaries, the accuracy tends to decrease down to around 10%.
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Figure 17. Relative total mass change rate of interacting particle to that of single particle at 50% O2 air:
a) first particle and b) second particle.

4. CONCLUSIONS
The combustion characteristics of the evenly arranged coal particles at various
O2 concentration levels were numerically investigated to address the influence of the
geometrical variance on devolatilization and the char burning rate. The numerical
results showed that the rate of devolatilization and char oxidation of interacting coal
particles were influenced by the particle spacing (X and Y) and the O2 concentration
level. The summaries are provided as follows.

Table 4. Coefficients of correlations
Base

Particle

C1

C2

C3

C4


V_ 1;2

First particle
Second particle
First particle
Second particle

1.02446
0.89668
0.91106
0.48108

0.00219
0.02550
 0.06541
0.04618

0.00228
0.02080
0.01775
0.14305

 0.01294
 0.00679
 0.00265
0.13740

_
M
1;2

Downloaded By: [2007 Korea University - Seoul Campus] At: 07:42 1 October 2007

INTERACTING PULVERIZED COAL PARTICLES

1121

When X was reduced:
1. O2 supply to the second particle was not well carried out due to blocking of the
first particle and, thus, the second particle temperature was slightly reduced.
2. The volatile release rate (V_ 1 ) of the first particle was reduced for both 15% and
50% O2 cases because of the accumulated volatile near the in-between region for
the region in which Y was not an influencing parameter (i.e., at relatively large
Y  20).
3. The volatile release rate (V_ 2 ) of the second particle was also reduced for both
15% and 50% O2 cases because of the low temperature volatiles released from
the first particle for all of the X range.
_  and M
_  were reduced because the CO layer prevented efficient char
4. Both M
1
2
combustion by blocking and consuming O2.
When Y was reduced:
1. Convection effect was enhanced, which resulted in the temperature increase for
both the first and second particle at 15% O2 concentration.
2. Due to the temperature increase, V_ 1 was also increased.
3. Even though the temperature of the second particle increased, V_ 2 decreased
because of the large amount of the volatiles emitted from the first particle.
4. When O2 concentration was higher (50%), both V_ 1 and V_ 2 increased. Little volatiles traveled from the first particle because most were immediately consumed due
to the high O2 level; it did not affect the second particle located downstream.
_  increased due to enhanced convection, which provided a large O2
5. Generally, M
1
_  decreased
supply. The char combustion became more efficient. However, M
2
because of the following reasons: first, the earlier consumption of O2 near the first
particle, and, second, the largely accumulated CO layer also prevented the O2
supply to the second particle.
6. At a higher O2 concentration, O2 was better supplied for the second particle with
a smaller Y, especially when X was sufficiently large. In this case, the second particle did not experience much O2 depletion from the first particle. Rather, efficient
char combustion occurred with enhanced convection with small Y.
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