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Abstract: Wood pellets are a form of solid biomass energy and a renewable energy source. In 2015,
the new and renewable energy (NRE) portion of wood pellets was 4.6% of the total primary
energy in Korea. Wood pellets account for 6.2% of renewable energy consumption in Korea,
the equivalent of 824,000 TOE (ton of oil equivalent, 10 million kcal). The burning phases of
a wood pellet can be classified into three modes: (1) gasification; (2) flame burning and (3) charcoal
burning. At each wood pellet burning mode, the volume and weight of the burning wood pellet
can drastically change; these parameters are important to understand the wood pellet burning
mechanism. We developed a new method for measuring the volume of a burning wood pellet
that involves no contact. To measure the volume of a wood pellet, we take pictures of the wood
pellet in each burning mode. The volume of a burning wood pellet can then be calculated by image
processing. The difference between the calculation method using image processing and the direct
measurement of a burning wood pellet in gasification mode is less than 8.8%. In gasification mode
in this research, mass reduction of the wood pellet is 37% and volume reduction of the wood pellet
is 7%. Whereas in charcoal burning mode, mass reduction of the wood pellet is 10% and volume
reduction of the wood pellet is 41%. By measuring volume using image processing, continuous and
non-interruptive volume measurements for various solid fuels are possible and can provide more
detailed information for CFD (computational fluid dynamics) analysis.

Keywords: combustion; image processing; renewable; volume measurement; wood pellet

1. Introduction

With increased fossil fuel prices, the heating costs of households and industry have increased
rapidly. Many countries are interested in using renewable energy to decrease consumption of fossil fuel.
Wood pellet is a kind of solid biomass energy and a renewable energy source. In 2015, the new and
renewable energy portion of wood pellets was 4.6% with respect to the total primary energy in Korea.
Most of the renewable energy in Korea is from waste energy, reaching 63.5%. The other renewable
energy sources have much smaller contributions, with the bioenergy portion being 20.8%, wind energy
2.1%, solar power 6.4% and solar heat 0.2% [1]. In 2016, the total amount of wood pellet produced in
Korea was 52.7 thousand tons and the imported wood pellet amount was 1.72 million tons which was
mainly used in power plants for co-firing with coal [2]. Most of Korea’s imported wood pellet is from
Vietnam, Malaysia and Indonesia. The amount of imported wood pellet into Korea was about 8.5% of
the amount of wood pellet consumed in the EU in 2015 (20.3 million tons) [3].

European countries such as Germany, Austria, and Sweden have developed wood pellet boilers
and have common norms around the solid biomass boiler, EN 303-5:2012, which classifies and describes
the requirements and testing methods of the solid biomass boiler [4]. Fiedler reviewed the state of
the art of, small scale pellet-based heating system and relevant regulation in Sweden, Austria and
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Germany. He categorized pellet central heating boilers and burners [5]. Recently, lots of studies related
to pellet burning use mixed pellet with other solid fuel, such as coal [6], agricultural residue [7,8],
bamboo [9,10] and potato pulp [11].

Wood combustion is a complex process that involves many physical and chemical processes.
Burning phases of wood pellets can be classified into three modes: (1) gasification; (2) flame burning;
and (3) charcoal burning. At each wood pellet burning mode, the volume and weight of the burning
wood pellets can drastically change and these parameters are therefore important in understanding the
wood pellet burning mechanism. Volume change and burning time at each mode of wood pellet can be
important data in designing the combustor of the wood pellet boiler, especially the combustor with the
moving stoker type. The main design parameters of moving stoker type wood pellet combustor are
(1) shape of grate; (2) number of grate; (3) velocity and moving interval of grate; (4) and combustion
air distribution. Volume change and duration of each combustion mode of wood pellet can be useful
in determining those design parameters.

Thunman et al. presented a particle model of combustion of wood particles for Eulerian
calculations. They performed calculations and compared the results with experimental results for
more than 60 samples of particles of different sizes. The model they developed shows the strong
influence of shrinkage on devolatilization and char combustion times [12]. Park et al. [13] performed
an experimental and theoretical investigation of heat and mass transfer processes during wood
pyrolysis. They performed pressure calculations based on a new pyrolysis model and revealed that
high pressure is generated inside the biomass particles during pyrolysis. Moreover, sample splitting
was observed during the experiments. The splitting is due to both weakening of the structure and
the internal pressure generation that takes place during pyrolysis. At low heating rates, structural
weakness is the primary factor, whereas at high heating rates, internal pressure is the determining
factor [14]. Hshieh and Richards reported the effects of preheating wood on the ignition temperature of
wood char. They found that the preheated samples were further heated in air at 5 °C/min to unpiloted
ignition. Despite major chemical changes during the various preheating treatments, the ignition
temperatures were not significantly affected, except for a slight decrease (11 °C) after five days at 150 °C
in air [14]. Ward and Braslaw reported experimental weight loss kinetics of wood pyrolysis under
a vacuum. The results showed that kinetic parameters can be used to predict the volatilization rates of
wood as a function of temperature in a vacuum. The model can also be used to estimate the quantities
of each of the main components initially present in an unknown wood sample [15]. Lautenberger and
Fernandez-Pello studied a model for the oxidative pyrolysis of wood. They performed optimized
model calculations for mass loss rate, surface temperature, and depth temperatures and reproduced
the experimental data well, including the experimentally observed increase in temperature and mass
loss rate with increasing oxygen concentration [16]. Kung and Kalelkar determined the heat of
the pyrolysis reaction with a mathematical model [17]. Biswas et al. studied on effect of pelletizing
conditions on combustion behavior of single wood pellet. They measured a single burning pellet
weight by a precision scale during combustion test. They found that time for a single pellet combustion
increased with pelletizing temperature and time for flame combustion was about 50 s; time for char
oxidation was about 100 s [18]. Fagerstrom et al. also measured the weight of the wood pellet during
the combustion test using a precision scale to determine the release of ash forming elements after the
devolatilization phase and the char combustion [19]. Strom and Thunman developed a numerical
model for drying and devolatilization of moist wood particles in an inert condition [20]. The results
from the CFD calculation were compared with previous experimental data and both were in alignment.
Sengupta et al. measured yarn parameters by an image processing technique with a low cost web
camera. They measured diameter, diameter variation, and number of thick/thin places [21]. Taghavifar
and Mardani measured the contact area of a radial ply tire with the image processing method [22].
They captured RGB data of tire contact area image then converted it to hue, saturation and value (HSV)
data to calculate tire contact area.
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Arce et al. [23] investigated wood pellet combustion characteristics on a fixed bed reactor (FBR)
with various conditions. They concluded that the particle size of the wood pellet and water content
are major parameters on combustion and heat transfer. Moradian et al. [24] performed the combustion
test on a fluidized bed boiler with fuel of a normal solid waste and compared it to mixing with animal
wastes. They found that solid waste comprised of 20-30% animal waste reduced the bed temperature
by 70-100 °C and suppressed the deposition growth rate. Chun et al. [25] investigated pyrolysis and
gasification characteristics of sewage sludge with a high water and nitrogen content. Their study
focused on high quality gas and char production.

Gomez et al. [26] did a simulation study on the effect of water temperature on domestic biomass
boiler performance. Their results concluded that low water temperature increased heating performance
but also increased CO emission.

The main purpose of the present study was to measure the density and volume of a wood pellet
without disturbing combustion condition. Previous studies use a precise electric scale to measure
the weight of the burning wood pellet [13,15,18,19]. In this study, we calculate the volume of the
burning wood pellet based on the image processing method and we also determine the mass of the
burning wood pellet with measured density of the bare wood pellet and the charcoal of the wood
pellet. We took combustion state photographs for each mode by recoding video. In order to investigate
the volume reduction rate of a wood pellet in combustion, moving images of wood pellet combustion
were captured. From the captured moving images, we calculated the volume of the wood pellet at each
time point. This research will provide useful background for applying combustor design, analysis,
and operation to wood pellet boilers.

2. Method

In an image file format, such as JPG, N x M x 3 matrix data are used to construct an image.
Each N x M matrix has the information of the red, green and blue (RGB) data of the image, the three
elements of color. In the matrix, the first N X M matrix has x and y coordinate data. In the image file,
the RGB data can have values from 0 to 255, which is based on 8 bit data.

With the RGB data from an image file, we developed a volume calculation method for
an axisymmetric object. If the diameter of the finite volume of an axisymmetric object is known,
the volume can be calculated by integration of the finite volume. The radius of an axisymmetric object
can be obtained by image processing. With image data, if the border of the axisymmetric object is
found, the radius and finite height of a small volume of the axisymmetric object can be obtained.
With the obtained border data of the axisymmetric object from the image file, the volume of the
axisymmetric object can be calculated.

Figure 1 shows a sample image file of a wood pellet and the lines represent the following: x =9,
150 and 252 pixel. Along the line in the picture, RGB data can be plotted as shown in Figure 2. On the
x =9 line in the image data, there is no wood pellet image but only background. Therefore, the RGB
data along the line at x = 9 should not be changed abruptly. In contrast, on the x = 150 line in the image
data, both the background and the wood pellet are present. Therefore, if RGB data along the line at
x =150 are plotted, there must be two abrupt changes at each border of the wood pellet (Figure 3).
On the line at x = 252 in the image file, both the background and a thin pin supporting the wood pellet
are present. Again, there must be two abrupt changes on the RGB line along the x = 252 line (Figure 4).
However, the distance between the two changes is shorter than the distance of the x =150 line.

Figure 5 shows a wood pellet in flame burning mode. There is a flame in the middle of the wood
pellet. Figure 6 represents RGB data along x = 150 of wood pellet of Figure 5. Compared to the RGB data
in Figure 3 of the wood pellet in gasification mode, the absolute values of RGB data of the wood pellet
in flame burning mode differ from each other, such as at y = 20 R value is about 200, G value is about
140 and B value is about 100. However, there are also two abrupt changes of RGB data at the x = 150
line, as seen in Figure 6. Thus, we can obtain a border line of the wood pellet in flame burning mode.



Energies 2017, 10, 603 40f 13

If the boundary of the wood pellet is obtained, the volume of the pellet (an axisymmetric object)
can be assumed to be an infinitesimal cylinder. However, if the axis of symmetry is not parallel
with respect to the x-axis, the volume calculation will have error due to an incorrect estimation of
the diameter. It is very difficult to align a wood pellet with a vertical line. In Figure 1, the wood
pellet is tilted 8.2 degrees from a vertical line. In the error calculation, the diameter and height of
the wood pellet are 6 mm and 22 mm, respectively. If the misalignment angle is less than 10 degrees,
the maximum volume calculation error will be less than 0.5%. In the volume calculation, coordinate
transformation is used as follows:
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Figure 2. Red, Green and Blue (RGB) data of image file of wood pellet (Figure 1) along y pixel at x = 9.
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Figure 3. RGB data of image file of wood pellet (Figure 1) along y pixel at x = 150.
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Figure 4. RGB data of image file of wood pellet (Figure 1) along y pixel at x = 252.
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Figure 5. Image file of a wood pellet in flame burning mode and line of x = 150.

x =150

250 T S

RGB data

¥ [pixel]

Figure 6. RGB data of image file of wood pellet in flame burning mode (Figure 5) along y pixel at
x =150.

Figure 7 shows (a) a raw image file of a wood pellet; (b) the border line of the wood pellet and (c)
the border line of the wood pellet with rotation. As seen in this figure, the border line of the pellet is

precisely found.
To confirm the accuracy of this volume calculation method, we compare the volume of an “AAA”

type battery that is manually measured by vernier caliper with one that is measured by the image

processing method.

Figure 8 shows a picture of the battery and the captured boundary result by the image processing
program. The diameter and length of the “AAA” type battery are 10.27 mm and 42.39 mm, respectively.
If the battery is assumed to be asymmetrical, the volume of the battery is 3511.51 mm?>. By the image
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processing method, the volume of the battery is calculated as 3502.37 mm? with —0.26% error. With this
validation, volume calculation by the image processing method gives very accurate results.

() (d)

Figure 7. Wood pellet image data and image process results (finding border of wood pellet). (a) Raw
image file; (b) Image file with border line; (c) Border line; (d) Border line with rotation.
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Figure 8. Picture of “AAA” type battery and image process result.

3. Experimental Results and Discussion
3.1. Test Facility

We performed an experimental study to measure the volume and mass of a burning wood
pellet and captured images of a burning wood pellet. First, a wood pellet combustion facility was
manufactured. A schematic diagram of the combustion facility is shown in Figure 9. To measure the
air flow rate, a turbine type gas flow meter was used.

flowmeter

heater

Video camera

quartz tube D I"lml
ﬂ wood pellet

Figure 9. Schematic diagram of experimental facility.
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The combustion apparatus has 3 x 1.6 kW electric heaters with a fan and 2 x 0.5 kW bar type
heaters to raise the air temperature. Air with a high temperature of up to 600 °C passes through
a honeycomb mesh and a transparent quartz tube where a tested wood pellet is placed vertically.
Air temperature is measured by a K-type thermocouple. Images of the burning wood pellet are
captured by a digital video camera (SONY HDR-CX550). In the image processing program, a video
image file is converted into snapshot image files at 0.5 s intervals. The combustion chamber maintained
a steady state throughout the test.

3.2. Volume Measurement Results

Table 1 shows proximate and ultimate analysis results of the tested wood pellet and Table 2
represents wood pellet size and test condition.

Table 1. Proximate and ultimate analysis results of tested wood pellet. (Korea Institute of Energy
Research, Testing and Certification Center).

Higher Heating Value at Dry (M]/kg, kcal/kg) 18.6 (4550)
Moisture 8.73
. . S 1o . Volatile 73.98
Proximate analysis (weight %, as received) Ash 0.40
Fixed carbon 16.89
Carbon 49.90
Hydrogen 6.21
Ultimate analysis (weight %, as dried and ash free) Nitrogen 0.38
Oxygen 43.10
Sulfur 0.01

Table 2. Wood pellet size and air conditions.

Wood Pellet Air Condition
mass (g) 0.8065 Qair (Nm3 /h) 11.2
length (mm) 22.01 Ty (°C) 20.1
diameter (mm) 6.12 Th (°C) 544.7

In the combustion of the wood pellet, there are three modes: (1) a gasification mode, (2) a flame
burning mode, and (3) a charcoal burning mode. When the wood pellet is inserted into the combustion
chamber with T}, > 400 °C, there is no significant change in its appearance except that the surface color
of the pellet becomes dark. This period is the gasification mode. The wood pellet is heated during
this period and suddenly a flame starts from the head of the pellet; this flame then expands to the
entire wood pellet due to vigorous volatilization. This is the flame burning mode. If there is no flame
the charcoal burning mode starts. From the insertion of the wood pellet to the end of the charcoal
mode, a video sequence of the burning wood pellet is captured and the volume of the wood pellet
is subsequently calculated with an image process. To confirm the image processing result, we also
measured nine wood pellet volumes at each mode every 20 s (four wood pellets in gasification mode,
one wood pellet in burning mode, and four wood pellets in charcoal mode). Table 3 shows images of
wood pellet at each combustion mode and converted images.

Figure 10 shows the volume change results of a burning wood pellet by an off-line and an on-line
measurement. The on-line measurement refers to the measurement by the image processing method,
which can measure the volume of the burning wood pellet continuously.

The off-line measurement entails measuring the volume of the burning wood pellet by intermittent
sampling and it is repeated twice for each off-line measurement. For example, to check the volume of
the burning wood pellet at 80 s, we prepare a new wood pellet and put it in the combustion chamber
for 80 s, and then remove the burning chamber from the combustion chamber. After cooling the
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burning wood pellet, we measure the mass of the pellet on a scale and take pictures to measure the
volume of the pellet. In the off-line measurement, there is a possibility of error in mass and volume
measurements due to mass reduction during cooling of the burning wood pellet and measurement
period. There is a difference in the volume between on-line and off-line measurements, especially in
charcoal mode; the reason for this is shown in Figure 10.

Table 3. Images of wood pellet at each combustion mode.

Time/Volume Image Converted Image
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75s ar
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Table 3. Cont.
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Figure 10. Comparison of volume measurement between off-line and on-line measurement.

At the beginning of the gasification mode, there is a volume increase caused by evaporation of
water and pyrolysis inside the wood pellet (Figure 10). In the gasification mode, the volume change is
very low. However, in the flame burning mode, an abrupt volume change occurs due to high energy
emission by flame burning. The charcoal burning mode takes a long time: up to 51.6% of the total
burn time. With this volume measurement method, we can easily and continuously measure volume
change of the burning wood pellet, without any disturbance of combustion condition, from gasification
mode to the end of combustion. At the end of combustion, the wood pellet’s volume was 5% of the
original pellet. We compare standardized char conversion time (char conversion time divided by
density of the wood pellet) to a previous study by Biswas et al. [18]. Char conversion time is defined as
the period starting at the moment when the flame around the pellet disappeared until the moment that
the glowing of the char stopped [18]. Biswas et al. concluded that standardized char conversion times
of the wood pellet with apparent density up to 1200 kg/m?> remain constant about 80-100 cm?-s/g.
In the present study, standardized char conversion time is 82.3 cm?-s/g, as shown in Figure 11.

During off-line measurement, we measure volume and mass of the wood pellet at each sampling.
From the measurement, we can find the density of the wood pellet at each sampling, i.e., density is
mass divided by volume. Figure 12 shows wood pellet density measurement results and data fitting
for calculation of the wood pellet. From the beginning of gasification mode to the end of flame burning
mode, the density of wood pellet decreases as a quadratic function. On the contrary, density of the
wood pellet at charcoal mode is almost constant and density average value is 307.5 kg/m3. So we
assume density as a quadratic function that passes through pyood petet (1213 kg/ m3) att=0sand
Ocharcoal (307.5 kg/ m?) at the end of flame burning mode (¢t = 94 s) as the following equation:
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0 =at® + pcharcoal = 0.09627 2 + 1213 2)

Mass measurement by off-line (black square point) and calculation results of the mass of the
burning wood pellet based on volume measurement (line) are shown in Figure 13. The mass of the
burning wood pellet is calculated by multiplication volume measured by on-line method and density
fitted, as shown in Figure 12. The dash line represents the previous research result of residual mass
ratio by Biswas et al. [18]. Test conditions between the present study and previous studies differ
from each other, especially air temperature. Air temperature in the present study is about 545 °C and
800 °C in a previous study. With two data sets (the result from the present study and the result by
Biswas et al.), we can confirm the end time of flame burning. The end time of flame burning of the
present study is 97 s, and that of Biswas et al.’s is 50 s. So we add 47 s with time data of Biswas et al.
In spite of different test conditions, charcoal mode results are in alignment. However, air temperature
of Biswa et al.’s study is higher than that of the present study, so duration of gasification mode of
Biswas et al. is less than 5 s. In gasification mode of the present study, residual mass ratio is dropped
from 1.0 to 0.63 and in flame burning mode, residual mass ratio is dropped from 0.63 to 0.10. Compared
to residual volume ratio result in Figure 10, gasification modes differ from each other. Before flame
burning, volume change is less than 7% p (from 100% to 93%). However, mass reduction is about 37%
p (from 100% to 63%). Figure 14 shows the volume and mass reduction rate of the burning wood pellet
with respect to each burning mode. Volume and mass reduction rates during charcoal burning mode
drastically differ from each other.
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Figure 11. Comparison of standardized char conversion time (cm3-s/g) between result of present study
and previous research data by Biswas et al. [18].
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Figure 12. Wood pellet density measurement results and data fitting for mass calculation of wood
pellet at each time.
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Figure 13. Residual mass ratio by off-line and on-line measurement with respect to elapsed time and
previous research data by Biswas [18].
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Figure 14. Comparison between volume and mass reduction rate of burning wood pellet.

At the end stage of wood pellet burning, 41% of the volume of the original wood pellet remains,
however, only 10% of the mass remains. In this study, charcoal burning mode takes 101 s, which is
51% of the whole combustion period. Conversely, flame burning mode takes 33 s, which is 17% of the
whole combustion period. Given this result, it is evident that the wood pellet combustor promotes
a relatively long period of charcoal burning mode with a bulky volume of charcoal.

4. Conclusions

In this research, we developed a volume measurement method for a burning wood pellet.
With a video camera, images of a burning wood pellet are continuously captured and then converted
to image files to calculate the volume of the wood pellet at each time point. Each of the off-line volume
measurements with division into eight parts of complete burning were conducted twice and compared
with on-line measurement data. Wood pellets used in the combustion test were 1st grade in Korea.
Conclusions and findings of the research are as follows:

1. Compared to the volume measurement taken by a ruler (vernier caliper), the error of the
developed volume measurement method is —0.26%.

2. With the image processing method, we can measure the instantaneous volume of the burning
wood pellet with high precision without disturbance of the combustion environment.

3. Three combustion modes of the wood pellet can easily be distinguished by the image processing
program. Gasification mode takes 32.3% of the total burn time, flame burning mode takes 16.7%,
and charcoal burning mode takes 51.0% under the tested conditions.
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From gasification mode to end of flame burning mode, density of burning wood pellet decreases
as a quadratic function. In charcoal mode, the density of the burning wood pellet is constant at
about 307.5 kg/m?.

In gasification mode in this research, mass reduction of the wood pellet is 37% and volume
reduction of the wood pellet is 7%. On the contrary, in charcoal burning mode, mass reduction of
the wood pellet is 10% and volume reduction of the wood pellet is 41%. Relatively large volume
reduction, small mass reduction and long burning duration in charcoal burning mode should be
considered in designing a wood pellet combustor.
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