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Abstract: The processes of char fragmentation, including mineral partitioning and particulate matter
(PM) formation during dense and porous char combustion, were observed by a site percolation model.
This model simulated the diffusion-controlled regime of char combustion, and the size distributions of
included minerals in typical bituminous coal were determined by the computer-controlled scanning
electron microscope (CCSEM), and the data were put into the char matrix randomly. The model
presents the influence of initial pore distribution on char oxidation and fragmentation, the impact
of the char conversion process on the extent of fragmentation, the change of ash distributions with
the char conversion, and the particulate matters (PM) size distribution, which is derived from the
consequence of the competition between char fragmentation and included minerals partitioning
and coalescence. The results indicate that with increasing initial char porosity (ϕ), the number of
large size pores increases but the number of pores decreases, which leads to open pores increasing,
close pores decreasing, and the surface reaction area increasing. While ϕ ≥ 0.4, char fragmentation
obviously occurs during the stage in which the rates of char conversion are 0.4–0.6, and it looks as
though the maximum value of fragmentation will transfer to an earlier conversion stage if it has a
larger ϕ. The enhanced ϕ shows a positive effect on the increase in the number and concentration of
PM < 10 µm (nominally aerodynamic diameter), this is attributed to char fragments more drastically,
and the probability of mineral coalescence reduces a lot.

Keywords: percolation model; char fragmentation; mineral partitioning; CCSEM; particulate matter

1. Introduction

Coal-fired power plants bring adverse environmental and health impacts, such as SOx,
NOx, mercury, and particulate matter [1–3]. Particulate matter with an aerodynamic diam-
eter of fewer than 10 µm is seriously harmful to human health, which cannot be efficiently
precipitated by conventional air pollution control devices [4]. Therefore, part of them will
be inevitably emitted into the atmosphere, causing air pollution, and increasing the risk
of asthma attacks, cardiopulmonary problems, lung cancer, and other diseases. Classical
studies attempted to describe fly ash formation during pulverized coal combustion as
a bimodal particle size distribution (PSD) produced by two dominant mechanisms [5,6]:
fragmentation and included minerals coalescence (super-micron mode, >1 µm) and va-
porization/nucleation (ultrafine mode, 0.1–1 µm). In recent years, some studies [7–10]
revealed that pulverized coal fly ash particle formation is more accurately described as
a tri-modal PSD that includes a central mode (fine fragmentation mode, approximately
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2–5 µm). Although the formation mechanism of the central mode is not well understood
now, we know it still mainly comes from char fragmentation.

Char fragmentation may play a significant role in pulverized coal combustion [11,12],
and it may not change fine pores per unit volume but may change open porosity and exter-
nal surface area, causing the rates of char conversion to increase and the rates of unburnt
carbon to decrease [13–15]. Furthermore, char fragmentation is important to particulate
matters formation; the increase in particle number and the decrease in particle size were
found as the char burnout rate enhanced [8,16–18]. Char fragmentation is affected by syn-
ergic effects of some factors, and some research results indicated pore structure of char was
the decisive factor in char fragmentation. A number of researchers [16,19,20] studied the
fragmentation behavior of some carbonaceous substances under various oxidation regimes.
They suggested char fragmentation has been found to be associated with the porous struc-
ture of char particles, especially the macropores (>0.05 µm), which provide channels for
transporting oxidizing gas from the external environment to the internal surface and have
been shown to play a significant role in char fragmentation during diffusion-controlled re-
actions. Helble et al. [10] presented reaction gas could penetrate the interior of a particle so
that an oxidation reaction could progress in both the inner and outer surface of the particle
simultaneously, which caused the combustion reaction more drastically and fragmentation
more frequently, at last, it may form a number of smaller ash particles (mainly PM1.0+) if
oxidation causes the carbon bonds of char particle to break up. Liu et al. [21] pointed out
that the reduction of pulverized coal particle size would increase the proportion of extrinsic
minerals, leading to more extrinsic minerals being directly converted to PM10. At the same
time, smaller particle size will also lead to an increase in combustion temperature, resulting
in more distance of mineral fragmentation and an increase in the amount of PM1. In
addition, as the carbonaceous surface recedes during combustion, the imbedded minerals
(included minerals) are exposed to the surface gradually, and a number of surface minerals
melt and turn into spherical ash droplets and the distance of ash droplets grows closer
and closer. As a consequence, they may partition and coalesce into ash particles (mainly
PM1.0+) while they contact each other, and a part of the mineral grains may shed off as well.
The process of PM1.0+ formation, therefore, is governed by the competition between the
fragmentation of char particles and the coalescence of included mineral particles on the
char surface. Char fragmentation influences both the particulate matter size distribution
and the final particle number—the more the extent of char fragmentation is, the less mineral
coalescence occurs, which generates a greater number of particles and causes particles to
become smaller. Up to now, the process of change in pore structure and mineral size during
char fragmentation cannot be clarified through experimental methods.

Computer simulation has been used as an alternative to the experimental study to
describe the pore structure evolution in coal char, the fragmentation behavior of char,
and the particulate matter formation. Percolation fragmentation refers to the transition
from a connected, solid network to a completely fragmented state; the process of char
fragmentation is proven to be a percolation behavior. Percolation theory [16,18,22–24] has
already been applied to char combustion and fragmentation extensively. Kang et al. [22]
and Helble et al. [16] performed the simulation of char oxidation and fragmentation based
on a percolation model on a lattice and studied the char fragmentation and residual ash
formation. Yu et al. [23,24] set up a two-dimension fragmentation model of a single char
particle based on a site percolation model during an external diffusion-controlled regime;
they predicted that the relation between initial porosity and the extent of fragmentation,
the impact of pore structure, and the extent of fragmentation on residual ash sizes, whereas,
they supposed the mineral size is a fixed value, which is rather different from the actual
size distribution of minerals in coal.

The objective of this paper is to simulate the process of char combustion and mineral
conversion and obtain the particle number and concentration distribution, especially
particles of 1–10 µm. We optimize the site percolation model and choose the included
mineral size measured by CCSEM as the initial mineral data used in this model so that
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it can ensure a result that is close to the actual size distribution of included minerals in
coal [25].

2. Model Formulation
2.1. Model Hypothesis

During the devolatilization stage, different types of char structures are generated
according to the difference of organic character and char thickness [26], namely cenospheric
char (ϕ > 65%), porous char (ϕ = 40–65%), and dense char (ϕ < 40%).

1. The char fragmentation is neglected, and the char swelling ratio is supposed to be
finite during coal pyrolysis, therefore generating little cenospheric char. The largest
initial porosity in the reaction is 0.5. Therefore, the char conversion is reviewed in the
range of ϕ = 10–50%, which belongs to dense char and porous char.

2. Only considering the influence of macropores (>0.05 µm) during char combustion
in the external diffusion-controlled regime, and the char oxidation reaction could
proceed inside and outside the particle simultaneously.

3. It is assumed that all the minerals exist in the form of fine spherical particles, and their
densities are constants, neglecting the influence of excluded minerals in the model
because it can be removed through a physical method. Wang et al. [27] made a similar
assumption in their model.

4. During char combustion, minerals do not vaporize, crash and take place chemical
reaction; two particles gather their volumes as they contact each other and find a
new size supposing the new particle is still a sphere. Generally, the mass of inorganic
mineral vaporization is less than 5% of total mineral mass [28], so it would not have a
significant effect on the final size distribution of PM1–10.

5. No hollow ash particles are formed. The aggregate volume of the two minerals is
the sum of the previous two, and the mass of the new particulate is the sum of the
previous two.

2.2. Initial Model

This model permits variation of the parameters shown to be important experimentally-
porosity, mineral matter inclusion size, and mineral loading. Our site percolation model of
char fragmentation and included mineral partitioning represents a char particle as a cluster
of connected occupied sites randomly distributed on a two-dimensional square lattice. It
has been previously indicated that the particle size obtained by the 2D simulation is close
to that obtained from a 3D calculation [19–22]; N × N square-shaped cluster is generated
on a matrix of a given size. In the cluster, two contiguous sites, which are represented by
‘1’, are defined as being connected, with all occupied sites containing an equal fraction of
the carbon mass of the initial char particle.

The macropores distribute in the shell randomly so as to approximately match the
measured porosity ‘ϕ’ and surface area are represented by unoccupied sites and ‘0’, and
the ambient external to the cluster is defined to be the reactant gas. The carbon and pore
are brown and white pixels, respectively, in Figure 1. In the matrix, if the initial porosity is
ϕ, the number of occupied sites is N2(1 − ϕ), and that of unoccupied sites is N2ϕ. Those
pores are directly exposed to ambient conditions, allowing oxygen to penetrate the pores.
The reaction is possible only when a given char site is directly in contact with an oxidizing
environment implying kinetic controlled combustion. Minerals considered as a uniform
sphere in all cases are distributed among every given char site as an initial condition. At
the start of the program, there exists a char matrix constituted by occupied sites ‘1’ and
unoccupied sites ‘0’ to control the process of char combustion, and another mineral matrix
that all occupied sites ‘1’ is replaced by mineral size, which is decided by CCSEM in random
to control the process of particulate matters formation.
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Figure 1. Char matrix and outermost occupied sites.

It can be assumed that pore distributes randomly in char particle; thus, there exits
both an open pore which connects with the ambient and an isolate pore (that is, close pore)
that reactant gas cannot enter into in the initial char matrix. The initial random distribution
must ensure that all occupied sites connect to each other; in other words, any fragments
formed during the generation of the matrix are removed. Oxidation and combustion of the
particle are represented by random removal of sites from the perimeter of the cluster, with
the perimeter determined by checking the connectivity of pores to the ambient. Char bonds
in contact with the ambience burn at a mean rate that depends on cluster size. No interior
sites are removed until the outermost sites (all occupied sites connecting the ambient) have
been completely removed, thereby simulating reaction in the external diffusion-controlled
regime. The outermost site is drawn as red in Figure 1. The occupied site would turn to
the pore after it is oxidized in the char matrix, and the mineral matter in the char matrix
that was associated with the reacted site is redistributed to one of the nearest-neighboring
char sites randomly. The ash mass of the chosen neighboring site is therefore increased by
the amount of ash associated with the just reacted site, and the ash content of the reacted
site is redefined as zero. Once there is no occupied site around the ash particles, they are
separated from the whole char model, then fragmented ash particle is formed. All the
changes in the ash content of the sites are recorded. Fragmentation is modeled as the
separation of occupied sites into disconnected pieces due to bond burnout. The judgement
of connectivity about mineral transformation and fragmentation adopts the 8-connection
rule, which means a site connects its eight surrounding lattices. The process of reaction,
char fragmentation, and ash coalescence continue until all of the char sites have been
removed. The number of removed carbon sites during each layer represents the relative
reaction rate.

2.3. The Input of Initial Mineral Size

The initial mineral distribution in char is determined by CCSEM (Computer Controlled
Scanning Electron Microscopy, Quanta 200 FEI, Hillsboro, OR, USA). CCSEM is a one-by-
one analytical technology; it can analyse a large number of mineral particles individually,
commonly more than 3000 particles, and obtain the physical parameter of every particle,
such as elements, sizes, and shape. At last, the information about every mineral is obtained
through a specific analysis [26,29]. Comparing the technology of Laser Particle Sizer and
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SEM-EDS, the advantage of CCSEM is that it can quantitatively determine the distribution
of specific mineral sizes and distinguish included minerals. Thus, it can represent the initial
mineral distribution in the simulated char particles.

Most of the included minerals measured by CCSEM are 1–50 µm, and the smallest
particle size that can be measured is about 0.5 µm. More details about CCSEM can be found
in other papers [30,31].

The initial mineral matrix is accomplished according to the following steps:

1. Measuring more than 4000 particles by CCSEM, an N × N matrix is constituted
by these data, then the order of all data will be changed through a program of
“random” accompanied by Matlab (MATLAB 2017a, The MathWorks, Inc., Natick,
MA, USA) software. Table 1 shows the number and detailed size distribution of
included minerals measured by CCSEM.

2. We should find all pore sites in the char matrix and let the data of these sites in the
mineral matrix be ‘0’ to ensure that the porosities of these two matrices are identical.

Table 1. Initial mineral distribution in char measured by CCSEM.

Geometrical
Diameter D (µm) 0.5–1 1–2 2–3 3–4 4–5

Number 504 1464 2096 230 223

Geometrical
Diameter D (µm) 5–6 6–7 7–8 8–9 9–10

Number 167 58 53 32 28

2.4. The Program of Char Conversion and Mineral Partitioning

1. Firstly, we need to obtain surface occupied sites from the char matrix, then choose an
occupied site Oi which has a mineral volume of Vi as the first reactive site.

2. According to the 8-connection rule, if Oi has adjacent occupied sites, one of these,
such as Ok with volume a of Vk, will be chosen to obtain the mineral from Oi, then
mineral in Oi is 0, and the site Oi in char matrix is 0. The mineral volume of site Ok
becomes Vi + Vk now.

3. If Oi has no adjacent occupied sites, the mineral in site Oi will be regarded as ash
which no longer connects with other minerals and is stored in the mineral matrix,
then the mineral in Oi is 0, and the site Oi in the char matrix is 0, too.

4. Repeat steps 1–3 until the reaction of the surface occupied sites of this layer is complete.
5. Carrying out the reaction of the next layer through continuing steps 1–4, the program

finishes as the reaction of all layers is complete. At last, it is all ‘0’ in the char matrix,
the final mineral matrix is the ash matrix, and the data should be transferred from ash
minerals volume to these sizes. The procedure is described in Figure 2.
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3. Results and Discussion
3.1. Initial Pore Distribution

The initial pore distribution is plotted in Figure 3. When initial porosity (ϕ) is a low
value (ϕ = 0.1), the size of pore clusters is small, but the number is large. The pores are
spread in the matrix sparsely, and most of these are isolated pores. For comparison, if
having a large ϕ (ϕ = 0.4), the number of large size pore clusters increases obviously, and
many open pores can be observed. The tendency of pore structure change is drawn in
Figure 4. As ϕ increases, the number of open pore clusters, isolate pore clusters, and total
pore clusters first increase and then decrease. On the one hand, most of the pores are small
and isolated at first, and the number of small size pores increases gradually with increasing
ϕ to 0.2; on the other hand, some small pores merge into the larger pores and lead to the
number of small pores decreases and that of large pores increases. As ϕ increases, the
number of decreased pores is larger than that of the increased ones, leading to the total
number decreases. At the same time, plenty of isolated pores are combined with open
pores so that the number of isolated pores decreases since ϕ = 0.2 and that of open pores
decreases since ϕ = 0.3.
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3.2. Impact of Initial Porosity on Char Fragmentation

The initial number of surface occupied sites in the char matrix represents the initial
surface reaction area. With the reaction area increasing, char combustion progresses more
rapidly, and fragmentation occurs more frequently. As is shown in Figure 5, increasing
porosity enhances the surface reaction area and the number of fragments, and the increase
in reaction area leads to an increase in the number of fragments. Compared with ϕ < 0.4,
the number of fragments and the surface reaction area while ϕ ≥ 0.4 increase obviously.
These differences in the surface reaction area and the extent of fragmentation are caused in
part by the different char properties [32]. The char of ϕ < 0.4 is mainly dense char which
has a high density. It almost does not swell, and most of this is aggregate which forms ash
during char combustion. However, the char of ϕ ≥ 0.4 is mainly porous char, which has a
non-uniform pore distribution that mostly breaks up to form fine ash.
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3.3. Impact of Char Conversion on Char Fragmentation

Char conversion was calculated by dividing the total loss of carbon sites after each
layer by the initial number of carbon sites, and the extent of fragmentation is defined
as the rates of the number of fragments at every layer to the total number of fragments.
Subsequently, we plot Figures 6 and 7. Figure 6a presents the relation between porosity and
the rate of reaction, which is reflected by the loss of carbon sites. All the carbon sites in the
char of ϕ = 0.45 are oxidized in the second step, while only 30% and 70% of carbon sites are
lost in the char of ϕ = 0.2 and ϕ = 0.3. The char of ϕ ≥ 0.3 has finished the reaction before
the fourth step, while the char of ϕ = 0.2 has only reacted 60% at this step. In Figure 6b, the
good relevance can be observed between char conversion and fragmentation; while ϕ = 0.2,
conversion and fragmentation in every layer are relatively uniform. With ϕ increases, char
conversion and fragmentation focus on the first two layers, which means that increasing ϕ
causes reaction focuses on the early stage of combustion. As ϕ is a small value, the initial
pore distributes extensively, and the conversion of every layer during combustion is clearly
similar, then result in the extent of fragmentation in every layer being almost the same.
Nevertheless, when ϕ is a larger value, the initial pore distribution is irregular, the surface
reaction area increases a lot, and oxidizing reaction progresses quickly during the early
stage of combustion so that the conversion and the extent of fragmentation in the early
stage are drastic.

Subsequently, the procedure of char conversion is divided into five uniform stages,
and the extent of fragmentation of every stage is calculated, which is plotted in Figure 7.
The mode of char fragmentation varies with initial porosity. The char fragmentation
concentrates in the early stage of char conversion and increases gradually with increasing
initial porosity. For ϕ ≤ 0.3, the char fragmentation is relatively uniform at every stage and
becomes more drastic in the later conversion stage, which is because the fragmentation of
dense particles by perimeter percolation also occurs during the later stages of combustion
where particles approach critical porosity, and for ϕ ≥ 0.4, char fragmentation is high on
the conversion range of 0.4–0.6, and the tendency for a peak value transferring to the earlier
conversion stage can be found. Liu et al. [18] studied the fragmentation of cenospheric
char (ϕ > 0.5) during the combustion of Australian bituminous coal; they also found that
char fragmentation was severe in the stage of 30–50%, which proves our deduction about
the peak value transferring to the earlier stage as ϕ ≥ 0.4. In the actual combustion, the
increased heating rate can accelerate the devolatilization process, and the oxidation rate of
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coal coke surface, then the large pore volume increases rapidly, and the coal coke crushing
is more intense, perhaps enhancing the generation of PM10.
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3.4. The Change of Ash Distributions with the Char Conversion

The change of fine particulate matter sizes during char combustion is hardly studied
through experiments. Simulating the procedure of mineral size-changing can work as
a supplement and give a thorough explanation. The ash distributions from two typical
porosity of ϕ = 0.1 and ϕ = 0.4 are shown in Figures 8 and 9. These figures show the
ash particles >1 µm, and all of the ash is deemed to be spherical. When char combustion
progresses, most surface minerals aggregate with the minerals exposed from the char
interior, and hence, the sizes of inner minerals are eventually increased. In addition, a
portion of surface minerals are left in the external layer of the char because macropore
behavior causes char fragmentation; this surface ash will no longer aggregate with inner
minerals and become a single ash particle. As the reaction progresses, the number of
ash particles in the char matrix decreases dramatically, especially the fine particles; most
of the ash aggregate forms the PM in a size range of 1–10 µm. For ϕ = 0.1, there exist
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abundant fine particles distributing extensively in the beginning period of char conversion.
As ϕ = 0.4 has fine particles, they distribute more dispersedly in the beginning period of
char conversion so that it will break up more frequently during the char conversion, that is
to say, the final ash number of ϕ = 0.4 is more than ϕ = 0.1. The number of 1–10 µm PM
increase for ϕ = 0.4, as does the concentration.
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3.5. The Final Particle Size Distribution

The mineral and ash sizes tested by CCSEM indicate the geometrical diameter, but
the particulate matters express the size by the aerodynamic diameter. Edwards et al. [33]
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gave the approximate conversion formula of aerodynamic diameter Dp and geometrical
diameter D:

Dp = D×√ρ (1)

where ρ is the density of ash particles.
The PDS bituminous coal used in this paper has low expansibility and mostly con-

tains kaolinite, Fe aluminosilicate, and quartz. The proportion of expansion particles in
ashes generated after combustion is very small [34]. Therefore, the respective densities
of ash particles can be regarded as the corresponding particle density after CCSEM anal-
ysis, and the geometric particle size of ash tested by CCSEM can be converted into the
aerodynamic diameter of particles. Accordingly, all data below are described in terms of
aerodynamic diameter.

The final ash particles, therefore, have sizes that range from the smallest mineral
inclusion size in the coal to that of a particle containing the largest portion of the initial ash
content. At zero porosity, all of the ash particles remain on the char surface throughout the
entire combustion process, continuing to coalesce. In this extreme case, one ash particle
is generated. The ash particles below 0.5 µm are mostly formed by a vaporization and
condensation process and are not pertinent to the present discussion. The particle number
size distribution from different initial porosity is drawn in Figure 10. The final number of
PM < 10 µm is smaller than that of the original mineral, but the number of PM > 10 µm is
relatively similar to that of the original minerals. Since a lot of included minerals aggregate
during char combustion, PM < 10 µm decreases and forms coarse particles mainly coming
from mineral coalescence. The number of PM < 1 µm is the most for ϕ = 0.5, but the total
number is only 8% of particles < 1 µm of original minerals, and for ϕ = 0.1, the ratio is 1.3%.
The result suggests the formation of PM < 1 µm seldom derives from char fragmentation
and included mineral coalescence, which is similar to actual pulverized coal combustion.
With the increase in ϕ, the number of PM, especially 1–10 µm, increases gradually. As
mentioned previously, with the increase in ϕ, char fragmentation is more severe, whilst the
probability of included minerals coalescence is reduced obviously; thus, more fine PM are
formed, and the number of PM < 10 µm obviously enhances, which is an agreement with
the previous results [16,22].
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The particle volumetric size distribution from different initial porosity is shown in
Figure 11; based on the hypothesis that all particles have the same density, particle vol-
ume size distribution can represent particle concentration size distribution approximately.
Similarly with the number, since the frequency of fragmentation events increases with the
increasing porosity, the average size of final ash particles is smaller for chars with higher
macro-porosity, so that the concentration of PM, especially 1–10 µm, increases gradually.
In the condition of ϕ ≥ 0.4, the concentrations of PM < 10 µm are high, and their curves
of size distribution are similar, which is attributed to porous char in the range of ϕ ≥ 0.4,
which leads to the phenomena of fragmentation, are all universal during char combustion
and the concentrations from different ϕ have little difference. From the figure, the coarse
mode peaks are distributed mainly at 12–13 µm, while the other lower peak can be found
at ~10 µm for ϕ = 0.45 and 0.5. The advancement of peak value is attributed to more pores
which cause more severe break up, and another finer PM peak is formed. A small peak
located at 3 µm can be found by the combustion of char ofϕ = 0.5, implying the observation
of central mode caused by the relative porous char combustion. This distribution predicted
by simulation is similar to those peak ranges of the central mode and the super-micron
mode observed experimentally [16,22]. More experimental data are needed to validate and
improve the ash formation model in future work.
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4. Conclusions

A site percolation model of char fragmentation and mineral partitioning during dense
and porous char combustion in a kinetically controlled regime is reported in this paper.
Following conclusions can be drawn: increasing porosity enhances the surface reaction
area and the number of fragments. The number of fragments and surface reaction area is
higher for ϕ≥ 0.4 compared to that for ϕ < 0.4. The char fragmentation concentrates on the
early stage of char conversion gradually with increasing ϕ; if ϕ ≥ 0.4, char fragmentation
obviously focuses on the conversion stage of 0.4–0.6, and the tendency with peak value
transferring to the earlier conversion stage can be found. With the increase inϕ, the number
of PM, especially 1.0–10 µm, increases gradually, as does concentration. In the condition of
ϕ ≥ 0.4, the concentrations of PM < 10 µm are high, and their size of curves distribution
are relatively similar. The coarse mode peaks are distributed mainly at 12–13 µm, and a
small peak located at 3 µm can be found by the combustion of char of ϕ = 0.5. It is similar
to those peak ranges of the central mode, and super-micron mode observed experimentally.
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