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Experimental investigations into the combustion behaviors of single pulverized coal particles are carried
out based on high-speed imaging and image processing techniques. A high-speed video camera is
employed to acquire the images of coal particles during their residence time in a visual drop tube furnace.
Computer algorithms are developed to determine the characteristic parameters of the particles from the
images extracted from the videos obtained. The parameters are used to quantify the combustion behav-
iors of the burning particle in terms of its size, shape, surface roughness, rotation frequency and luminos-
ity. Two sets of samples of the same coal with different particle sizes are studied using the techniques
developed. Experimental results show that the coal with different particle sizes exhibits distinctly differ-
ent combustion behaviors. In particular, for the large coal particle (150–212 lm), the combustion of vola-
tiles and char takes place sequentially with clear fragmentation at the early stage of the char combustion.
For the small coal particle (106–150 lm), however, the combustion of volatiles and char occurs simulta-
neously with no clear fragmentation. The size of the two burning particles shows a decreasing trend with
periodic variation attributed to the rapid rotations of the particles. The small particle rotates at a fre-
quency of around 30 Hz, in comparison to 20 Hz for the large particle due to a greater combustion rate.
The luminous intensity of the large particle shows two peaks, which is attributed to the sequential com-
bustion of volatiles and char. The luminous intensity of the small particle illustrates a monotonously
decreasing trend, suggesting again a simultaneous devolatilization/volatile and char combustion.
� 2017 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction and pollutant emissions [2]. The combustion process of solid fuel
Although renewable energy has been attracting much attention
in recent years due to environmental concerns, conventional fuels
such as pulverized coal will remain a major worldwide energy
resource for years to come due to their wide availability and com-
petitively low cost, particularly with the development of new com-
bustion technologies such as co-firing coal and biomass and oxy-
coal combustion [1]. While the effects of chemical composition
and other fuel properties of coal on combustion have been widely
studied, the physical characteristics of a pulverized solid fuel, such
as particle size, and shape have also been found to have a signifi-
cant impact on the ignition and combustion behaviors of fuel par-
ticles, and consequently the flame stability, combustion efficiency
particles comprises typically three stages, i.e., heating, volatiliza
tion/devolatilization, and char oxidization [3]. Depending upon
not only the fuel properties, but also the heating rate, particle size,
combustion environments (temperature and stoichiometry, etc.)
and the volatile matter evolution, the homogeneous ignition and
heterogeneous ignition of fuel particles may occur sequentially or
simultaneously [4]. This makes it more difficult to characterize
the combustion behaviors of fuel particles. Therefore, the measure-
ment and characterization of individual fuel particles are required
to explore the insight into the combustion mechanism of fuel par-
ticles, and consequently advance the knowledge to optimize com-
bustion processes and validate computational modeling results.

There is a range of experimental and modeling work that has
been carried out to investigate the combustion behaviors of coal
and biomass fuel particles of different ranks and sizes under differ-
ent combustion conditions in drop tube furnaces (DTFs), using non-
visualized and visualized technical approaches [5–11]. For instance,
Wang et al. [12] investigated the combustion behaviors and ash
characteristics of coal and biomass particles through analyzing

http://crossmark.crossref.org/dialog/?doi=10.1016/j.expthermflusci.2017.03.018&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.expthermflusci.2017.03.018
http://creativecommons.org/licenses/by/4.0/
mailto:xb9@kent.ac.uk
mailto:g.lu@kent.ac.uk
mailto:tombennet@gmail.com
mailto:acsarroza@hotmail.co.uk
mailto:carol.eastwick@nottingham.ac.uk
mailto:carol.eastwick@nottingham.ac.uk
mailto:liu.hao@nottingham.ac.uk
mailto:y.yan@kent.ac.uk
http://dx.doi.org/10.1016/j.expthermflusci.2017.03.018
http://www.sciencedirect.com/science/journal/08941777
http://www.elsevier.com/locate/etfs


V-DTF Sample 
entrance

Quartz 
tube/view 
window

Field of 
view

Microscope

Camera 

To exhaust

Laser aiming 
source

Fig. 1. Overview of the experimental setup.
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the particles sampled from different heights of the DTF, using X-ray
fluorescence spectroscopy and a particle size analyzer. Costa et al.
[13] evaluated the gas temperature, particle burnout and particle
fragmentation of raw and torrified pine shells and olive stones in
a DTF using various instruments (e.g. a low pressure three-stage
cascade impactor, a particle size analyzer and a scanning electron
microscope). Pereira et al. [14] studied the kinetics of poplar short
rotation coppice in a DTF through thermogravimetric analysis.
The above investigations are based on non-visualized technical
approaches. With the advent of high-speed digital imaging and
image processing techniques, the visualization and characteristics
of burning particles have become feasible. Simões et al. [11] inves-
tigated the ignition mode and delay time of biomass fuels through
the analysis of particle images from a high-speed camera. The
impact of gas temperature and oxygen concentration on the igni-
tion mode and ignition delay time was assessed. Shaddix and
Molina [15] analyzed the ignition and devolatilization characteris-
tics of both high-volatile bituminous and subbituminous coal parti-
cles through single-particle imaging in both N2 and CO2 diluent
gasses. Kim et al. [16] investigated the ignition behaviors of coal
particles under high heating-rate conditions using a flat flame bur-
ner and particle images. Levendis et al. [4,17] and Riaza et al. [1]
employed three-color pyrometry and high-speed high-resolution
cinematography to study the combustion behaviors of single coal
particles in both air and simulated oxy-fuel environments. Köser
et al. [18] also studied the combustion characteristics of individual
coal particles in an oxygen-enriched environment using high-speed
OH-PLIF (Planar Laser-induced Fluorescence).

Although certain progress on the characterization of burning
particles using visualized approaches has been made, few studies
have been undertaken on the quantitative profiling of single fuel
particles. Podczeck [19] proposed a shape factor, which used the
deviations of the 2-D (two-dimensional) particle outlines from
the images of a circle, triangle and square, for the particle analysis.
Gao et al. [20] conducted the on-line measurement of particle size
and shape and their distributions through image processing, where
the images of particles were acquired from a color CCD camera
coupled with multi-wavelength laser sources. Carter et al. [21]
and Qian et al. [22] combined digital imaging and electrostatic sen-
sors to obtain the size distribution and volumetric concentration of
particles in pneumatic conveying pipes. It is clear that, while the
combustion behaviors of fuel particles influence the overall perfor-
mance of a combustion process, limited studies have been carried
out to investigate the combustion behaviors of burning particles
through the measurement of physical characteristics such as size,
shape, surface roughness, rotational frequency and luminosity.

This paper presents experimental investigations into the com-
bustion behaviors of individual coal particles with the aim of pro-
viding a quantitative description of particle dynamics during
combustion through high-speed imaging and digital image pro-
cessing. The videos of two sets of individual coal particles were
recorded using a high-speed camera during the combustion pro-
cess in a visual drop tube furnace (V-DTF). Algorithms are devel-
oped to acquire and process the particle images in terms of
physical quantities, including size, shape, surface roughness, rota-
tion and luminosity. These quantities are then used to describe the
characteristics of the burning particles during their residence time
in the furnace.
2. Materials and methods

2.1. V-DTF and high-speed camera

DTFs have been widely used for combustion research as they
can provide critical data for the in-depth understanding of ignition
and combustion behaviors of fuel particles in power plant boilers
[23]. The tiny size, short residence time of the particles and the
variations of the size and shape make it very difficult to visualize
and characterize the burning particles. With the aid of high-
speed imaging, it is possible to visualize burning particles in a
DTF. Fig. 1 is the overview of the experimental setup in this study.
The V-DTF used in this study is an electrically heated drop tube fur-
nace equipped with a 1400 mm long quartz tube with an inner
diameter of 50 mm, capable of maintaining gas temperatures up
to 1050 �C within the 1000 mm-long heated zone [24,25]. The
quartz work tube is insulated by a spun ceramic fiber blanket to
minimize the heat loss during experimentation. The fuel particles
are injected into the quartz tube from the water-cooled feed probe
mounted at the top of the quartz tube. The particles are heated,
ignited and combusted in the furnace with the residual ash being
vacuumed away or collected with the collection probe mounted
at the bottom end of the quartz tube. There is a long and narrow
viewing window at the front side of the furnace which allows a
camera system to access and view the combustion process of the
fuel particles inside the quartz tube.

A high-speed camera (Phantom v12.1), capable of recording a
video at a frame rate up to 1,000,000 fps (frames per second),
acquires videos of burning coal particles. A long-distance micro-
scope (Questar QM-1, which has a 56–152 cm working distance,
a 30–1 variability in the field of view and a resolution better than
3 µm at 56 cm) is coupled with the camera to ensure that coal par-
ticles can be captured during their residence time in the furnace.
The resulting field of view is around 8 mm � 8 mm.

2.2. Coal properties and test conditions

Two sets of coal sample with different particle sizes (Particles A
and B) were prepared from the same batch of Colombian bitumi-
nous coal (El Cerrejon, which was sourced directly from a UK
power plant). Each sample was separately dried, sieved with parti-
cle size ranging from 150 to 212 lm for Particle A, and 106 to
150 lm for Particle B. The proximate and ultimate analyses of
the samples are summarized in Table 1. In the test, a small amount
(in milligrams) of the sieved coal particles were dropped manually
through the feed probe into the quartz tube which was pre-heated
to 800 �C and supplied with air at a rate of 5 L/min. The high-speed
camera tracked and took the videos of the particles at a frame rate
of 6200 fps during their residence time in the quartz tube.

2.3. Contour detection and extraction

Once the videos were recorded, individual images of a particle
were read frame by frame in a computer. Image progressing algo-



Table 1
Proximate and ultimate analysesa of El Cerrejon.

Proximate analysis (%, as received) Ultimate analysis
(%, dry basis)

Moisture 2.3 Carbon 72.2
Volatile matter 36.6 Hydrogen 4.8
Fixed carbon 51.4 Oxygen 9.1
Ash 9.7 Nitrogen 1.5

Sulphur 2.4
High heating value: MJ/kg

(dry basis)
29.6

a BS ISO 17246:2010 and BS ISO 17247:2013.
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Fig. 2. A particle and its equivalent ellipse.
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rithms were then developed to process the images. Detecting the
particle contour is the initial step in the image processing. Otsu’s
method [26] was used to automatically segment the images. Otsu’s
method calculates the optimum threshold separating the his-
togram of an image into two pixel groups (i.e., foreground and
background groups) and ensures that the intra-class variance is
minimal or equivalent. Once the threshold is determined, the bin-
ary format of the image is generated, which allows the particle
contour retrieval to be performed. The 8-connectivity, which traces
neighbors to every pixel that touches one of their edges [20], is
then used to extract the contour of the particle’s binary image.
These pixels are connected horizontally, vertically, and diagonally.
The 8-connectivity can be described as,

maxðjx0 � x00j; jy0 � y00jÞ ¼ 1; ð1Þ
where (x0, y0) and (x00, y00) are a pair of pixels in the image. Once the
particle contour is determined, a set of characteristic parameters,
which describe the particle size, shape, surface roughness, rotation
and luminosity, are computed.

2.4. Characteristic parameters

2.4.1. Size and shape
Two parameters, i.e., Area and Aspect ratio, are defined to

describe the size and shape of the particle.
Area (A) – The Area is the quantity representing the particle size.

A is determined by counting the pixel number within the particle
contour, R, i.e.,

A ¼
X
ði;jÞ2R

1: ð2Þ

Aspect ratio (Ra) – The Aspect ratio is the ratio of the major axis
to the minor axis of the equivalent ellipse of a particle [27], and is
calculated as,

Ra ¼ L
W

; ð3Þ

where L and W are the lengths of the major and minor axes, respec-
tively, as shown in Fig. 2. For a circle, Ra is 1. The larger the Ra, the
more elongated the particle.

2.4.2. Surface roughness
Two parameters, Boundary distance and Boundary variance

index, are computed for quantifying the surface roughness of the
particle.

Boundary distance [r(k)] – The Boundary distance is the distance
between a point (xk, yk) on the boundary and the center (xc, yc) of
the particle, i.e.,

rðkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxk � xcÞ2 þ ðyk � ycÞ2

q
; ð4Þ

where, k = 0, 1, 2, . . ., N � 1, N is the number of the boundary points,
and, in this study, N = 128.
By using (4), the boundary of the particle is transformed into a
one-dimensional ‘signal’ in the spatial domain and thus the dis-
crete Fourier transform (DFT) is performed over r(k) [28], i.e.,

FðnÞ ¼ 1
N

XN�1

k¼0

rðkÞe�j2pnk=N; ð5Þ

where n = 0, 1, 2, . . ., N � 1. Once the DFT form of the boundary dis-
tance is obtained, the variance of the boundary is determined.

Boundary variance index – The Boundary variance index,
DF = [DF1, DF2, . . ., DFN/2], is the ratio of the absolute values of F
(n) (n = 1, 2, . . ., N/2) to the absolute value of the DC (Direct Current)
component |F(0)|, i.e.,

DFn ¼ jFðnÞj
jFð0Þj ; ð6Þ

where |F(0)| is the average of the boundary distance [29]. The vari-
ance of the DF represents the variance of the boundary in different
scales. The rougher the boundary, the greater the DF.
2.4.3. Rotation
Previous studies revealed that coal particles rotate rapidly dur-

ing combustion due to volatile releases and/or the intensive
exothermic combustion reactions [30]. The rotation of a particle
can be quantified through the computation of the change in parti-
cle orientation during its residence time in the furnace. High-speed
imaging has made it possible to derive parameters relating to the
motion of the particles such as orientation and rotational fre-
quency. The orientation, O, is counted as the angle between the
major axis and the x-axis of the equivalent ellipse of the particle,
i.e. [31],

O ¼ arctan
jPi2Rx

2
i �

P
i2Ry

2
i j þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j Pi2Rx

2
i �

P
i2Ry

2
i

� �j2 þ 4
P

ixiyi
� �2q

2
P

ixiyi

0
@

1
A;

ð7Þ

where (xi, yi) are the coordinates of pixel i within the equivalent
ellipse. Rotation index of the particle, Rind, is then defined as,

Rind ¼ � sinðOÞ: ð8Þ
Rind ranges from �1 to 1, where Rind = 1 stands for 90� and

Rind = �1 stands for 270�. Note that the sign is dependent upon
the orientation of the particle computed from the former image
frame and the initial sign is defined as positive.
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2.4.4. Luminosity
The luminous intensity of a burning coal particle is highly

related to its surface temperature [21]. In general, a higher lumi-
nous intensity entails a higher surface temperature [7]. The nor-
malized luminous intensity, G, is the averaged grey-level
intensity of the particle image normalized to the maximum grey-
level of the image (255 in this study), i.e.,

G ¼
X

ði;jÞ2RIi;j

255A
� 100%; ð9Þ

where Ii,j is the grey-level of the image at pixel (i, j) and A is the area
defined in (2).

3. Experimental results

Fig. 3 shows the example images of the coal particles captured
by the camera system. The sample images provide visualized infor-
mation associated with the combustion behaviors of the two par-
ticles. It should be noted that, by the time when the particle was
captured by the camera, it had been in the quartz tube for some
time, and thus each image frame does not represent the absolute
residence time of the particle in the quartz tube, but the relative
residence time between frames, e.g., two successive frames repre-
sent a relative residence time of 0.2 ms. The combustion of vola-
tiles and char including fragmentation of the particles were
clearly observed from the images. As expected, the combustion
behaviors of the particles varied significantly in their residence
time. The quantification of such variations was performed in terms
of the characteristic parameters defined in Section 2.

3.1. Size and shape characteristics

Fig. 4(a) shows the area variation of the coal particles during
their residence time in the quartz tube. A decreasing trend is
evident for both Particles A and B due to the mass loss of the
(a) Particle A (150-212 µm). 

(b) Particle B (106-150 µm). 

Fig. 3. Example images of coal particles by frames and relative time.
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particles during combustion. The periodic variation of the parti-
cle area is believed to be due to the rotation of the particle in
the line-of-sight direction of the camera system. It is also
observed that the combustion behaviors of the two particles dif-
fer due to their different sizes. For instance, for Particle A, the
devolatilization/volatile combustion dominated before about
20 ms. It is evident that the boundaries of the particle were clear
and smooth [refer to Fig. 3(a), and also the later section about
(a) Binary image. (b) Boundary dis

Fig. 5. Binary image, boundary distance and DFT of Parti
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the surface roughness]. It is observed in the video [refer to
Fig. 3(a)] that the fragmentation of the particle started from
about 20 ms, and the significant char combustion began around
40 ms. These are also evident in Fig. 4(a) and (b) where the area
and shape of the particle show great fluctuations in the period
from 20 to 40 ms. The single-phase char combustion began
around 60 ms [refer to Fig. 3(a)], toward to the completion of
combustion. For Particle B, as it is relatively small in size
tance.  (c) DFT of the boundary distance.
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(106–150 lm), the combustion of volatiles and char appeared to
take place simultaneously at the initial stage of combustion, and
fragmentation was not visualized. This is supported by the fact
that the particle area decreased gradually during the initial stage
of combustion process (0–24 ms), which is believed to be the
result of the simultaneous combustion of volatiles and char.
The single-phase char combustion appeared to begin around
24 ms [refer to Fig. 3(b)].

Fig. 4(b) suggests that the aspect ratio of Particle A ranges
between 1.0 and 1.6 but the averaged value tends to be greater
in its residence time, suggesting that the shape of the particle
changed from ‘round’ to ‘longitudinal’ during combustion. A peri-
odic variation is also clearly seen with a period of around 25 ms
(163 frames), which is similar to the period of the area variation
[Fig. 4(a)], which is again believed to be due to the particle rotation
in the line-of-sight direction. On the other hand, the aspect ratio of
Particle B varies from 1.0 to 1.8, suggesting that Particle B is
slightly ‘longer’ than Particle A. A decreasing trend is also found,
indicating that the shape of particle changed from ‘longitudinal’
to ‘round’ during its residence time.

With regard to the surface roughness of the particles, Fig. 5
shows two typical examples of the binary images of Particle A,
i.e., Frame 10 (at 1.5 ms) and Frame 300 (at 48.4 ms), and the cor-
responding boundary distance r(k), and the DFT of r(k). As can be
seen, the profile of the boundary distances differs significantly
from one frame to another. Compared to the frequency of Frame
300, there are fewer low-frequency components of Frame 10 due
to the fact that the boundary of Frame 10 is smoother than that
of Frame 300 [Fig. 5(a)]. As the difference in surface roughness is
mainly shown in the low frequency band, only the first four com-
ponents, DF1–DF4, are further analyzed.

Fig. 6 presents DF1–DF4 of the boundary variance index for Par-
ticle A. It reveals that DF1, which represents the lowest frequency
variance among the four components, is lower than the other three
components. DF2 shows a periodical trend which is considered to
be related to the rotation of the particle. It was observed in the
video that there were some fragments broken up from the main
Relative time (ms)
0
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Fig. 7. Boundary variance index of b
particle during the later stage of devolatilization/volatile combus-
tion and the initial stage of char combustion, i.e., between 20 ms
and 60 ms. The results illuminate that the fragmentation and char
combustion of the coal particle affect the boundary variance in dif-
ferent scales, especially at higher frequency components, i.e., DF3
and DF4.

Fig. 7 illustrates DF1–DF4 of the boundary variance index for
Particle B. Similar to Particle A, DF1 is lower than the other
three. DF2 has the lowest value at around 40 ms, indicating a
smoother surface of Particle B at that period of time. In addition,
DF1–DF3 vary irregularly but have much lower amplitudes in com-
parison to that of Particle A, suggesting that Particle B has a
smoother surface than Particle A. This may be attributed to the fact
that Particle B has no obvious fragmentation during combustion as
a result of its smaller size in comparison to Particle A. The results
have also suggested that the particle fragmentation and char
combustion are the main contributors to the surface roughness
of the particles.
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3.2. Rotational characteristics

The rotation variance of the particle is owing to the momentum
changes caused by the heterogeneous combustion. Fig. 8 shows
that the rotation index of Particle A has a similar periodic variation
as observed in Fig. 4. Again, the periodic variation is believed to be
attributed to the rotation of the particle in the line-of-sight direc-
tion of the camera system. It is also noted that the rotation index of
Particle A varies in a range between �0.25 and 1 (i.e., 90� and
200�), which does not mean that the particle does not rotate but
may be attributed to the case that the rotation direction of the par-
ticle is close to the line-of-sight. It can be found in Fig. 4 that the
period of the area variation of Particle A is around 50 ms (com-
puted between the two peaks), suggesting a rotational frequency
of 20 Hz. In contrast, the period of the area variation of Particle B
is 33 ms, which means the rotational frequency of Particle B is
around 30 Hz. The higher rotational frequency of Particle B may
be attributed to the smaller size (hence a greater influence of the
gaseous flow in the DTF), greater combustion rate and no fragmen-
tation (which would reduce the motion of the particle) in compar-
ison to Particle A.
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Fig. 10. Normalized luminous intensity of the coal particles.
3.3. Luminous characteristics

As mentioned earlier, the luminous intensity of the burning par-
ticles in the images is closely related to the surface temperature of
the particles. It is believed that, in general, the higher the luminous
intensity, the higher the surface temperature and thus more inten-
sive combustion reactions. Fig. 9 exhibits the pseudo color images
of the luminous intensity of the burning particles. It is found that
the luminosity of both particles is relatively homogeneous during
the early stage of the combustion, which is because of the volatile
combustion in that period of time. When the volatile combustion is
about to finish, however, the luminosity becomes heterogeneous
due to the inhomogeneous char combustion as a result of ash layer
formed in the remaining char particle. The variations of the
(a) Particle A (150-212 µm

(b) Particle B (106-150 µm

Fig. 9. Pseudo color images of the lum
luminous intensity of the particles can be more clearly seen in
Fig. 10. The normalized luminous intensity of Particle A shows a
periodical trend from 0 ms to about 40 ms, and then a decreasing
trend, indicating that its luminous intensity decreases toward the
later stage (at around 20 ms) of the devolatilization/volatile com-
bustion and increase with the initial stage of char combustion
(the significant char combustion of the core particle started around
40 ms). A decreasing rate of 0.58%/ms is found from 42 ms to
83 ms, suggesting the significant consumption of carbon in the
remaining char particle. In contrast, a monotonous decreasing
trend is observed from the normalized luminous intensity of Parti-
cle B (Fig. 10). This indicates that the combustion of volatiles and
char took place at the same time from the beginning (when the
particle’s burning can be picked up by the camera) and hence a
heterogeneous combustion all the way. It is also noted that the
luminous intensity decreased dramatically after 75 ms, indicating
the completion of the combustion.
). 

). 

inous intensity of the particles.
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It should be mentioned that the experimental results presented
above have suffered from uncertainties in some extent. The uncer-
tainty of the measurement can be attributed to the image resolu-
tion, especially considering the tiny size of coal particles. The
boundary of the particle in the images can be irregular and some-
times blur, which can result in a low signal-to-noise ratio, and thus
an uncertainty in the calculation of the physical parameters. In the
presented study, the particle sizes range from 106 µm to 212 µm,
which gave us reasonable image sizes, and thus the uncertainty
caused would not introduce a significant error in the calculation.
In addition, the particles are of 3-D arbitrary shape, but the com-
puted parameters are based on their 2-D images. This also intro-
duces an uncertainty, which is unavoidable and difficult to
assess. From a statistic analysis point of view, however, such an
uncertainty would not make a significant impact on the results.
4. Conclusions

In this study, the combustion behaviors of two sets of coal par-
ticles with different sizes have been investigated using high-speed
imaging and image processing techniques. Characteristic parame-
ters including area, aspect ratio, boundary distance, boundary vari-
ance index, rotation index and normalized luminous intensity have
been defined and computed to quantify the combustion behaviors
of the particles. It has been found that the coal with different par-
ticle sizes and shapes exhibits distinctly different combustion
behaviors. For the large coal particle, the combustion of volatiles
and char takes place sequentially, while, for the small particle,
the combustion of volatiles and char occurs at the same time.
The results have also shown that the size of the particles has a
decreasing trend due to the combustion of volatiles and char with
periodic variations which is attributed to the rotation of the parti-
cles. The fragmentation and char combustion have caused signifi-
cant changes in the surface roughness of the particles. In
addition, the luminosity of the large particle shows two peaks
when the combustion of volatiles and char happen sequentially,
while the luminosity of the small particle decreases monotonously
when the combustion of volatile and char occurs simultaneously. It
can be concluded that the combination of high-speed imaging and
image processing has provided a feasible and effective means for
characterizing the combustion behaviors of burning coal particles.
Further applications of the developed techniques will be extended
to the study of combustion behaviors of pulverized biomass and
biomass/coal blends under various combustion conditions.
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