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Abstract

This study presents the comparative burning behaviours of single solid particles of coal and
biomass mixtures for co-firing. In this experimental investigation, a direct observation
approach was used to investigate the ignition, flame characteristics and combustion times by
means of high-speed photography at 7,000 frames per second. Single particles were entrained
into a hot gas stream at 1,340 K and a rapid heating rate at 10*-10° K/s. The apparent volatile
flames from the prepared particle size groups were observed within 20-50 milliseconds. To
assess the effect of oxygen concentration, particles were burned for their flame characteristics

in a range of 10%—40% O>. The test particles were sieved into three size groups (215-255 pm,
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255-300 um and 300-350 pum) to assess the effect of particle size. Special particles for the
co-firing effect were collected individually from two types of mixed pellet: 20:80 and 50:50
coal/wood. Pure sub-bituminous coal and wood particles were also prepared in order to
compare their combustion behaviours. In the experimental setup with a cross-injection
configuration, sequential combustion processes were effectively and clearly described in
terms of particle displacement with time. The experimental results showed distinguishable
flame characteristics from single particles of coal, 50:50 coal/wood, 20:80 coal/wood and
wood, including soot flame size and intensity. The impact of high coal-blending ratio caused
an increase in the flame size and intensity and the ignition time was close to that of pure coal
particles. Quantitative measurements of combustion events on co-firing particles were also

discussed in relation to significant impacts of the particle size and the oxygen concentration.
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1. INTRODUCTION

Co-firing is a promising technique with several benefits, the most important of which are
environmental ones. Simultaneous burning of coal and biomass emits low NET carbon
dioxide [1, 2] and the sulphur oxide (SOx) and nitrogen oxide (NOx) emissions from this
combustion are generally lower, compared with the coal-fired combustion [3-6]. The
economic benefits of this type of combustion are fuel price stabilisation, fuel flexibility and
low-risk costs of retrofitting coal-fired plants with fuel-blending control systems for biomass
particles [7, 8]. The main challenges with co-firing come from the characteristics of biomass
particles in relation to chemical composition, fibrous shape and relatively large particles (~3
millimetres for biomass, ~150 um for coal in p.f. boiler) [9, 10] with relatively low energy
density [11, 12]. Their irregular shape and wide particle size range during combustion play a
significant role in burning behaviours such as ignition, volatile flame and char combustion
[13]. The significant differences between biomass and coal are the wide disparity in volatility
and the fixed carbon content of different types of biomass. The volatile matter content of
biomass is greater than that of coal and the fixed carbon content is less, which contributes to
their different burning behaviours regarding volatiles and char combustions [14-16]. From a
previous study [17], pulverised biomass particles are known to exhibit flame characteristics
that are associated with a small flame and low intensity during homogeneous combustion.
Besides, the volatile matter in biomass is released earlier than that in coal because of the
different ignition temperatures of their organic compositions [18-20]. Consequently, the

burning behaviour in co-firing is attributed mainly to the biomass type and its mixtures.

Soot loading in volatile flames plays an important role in generating radiation heat transfer,
because of soot luminosity, as illustrated by the equation: Qragiation=e4cT*At, where &=1-

(1+kfyLT/co)* [21, 22]. There have been studies on average soot volume fraction from
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different types of coal [15]. It is believed that biomass has less flame luminosity, where gas is
the major phase in the flame. Atiku et al. [24] measured soot particles, which consist of
elemental carbon (EC) and organic carbon (OC), between biomass and coal. During flaming
combustion, eight times as much elemental carbon was collected from burning coal. In the
experiment, the apparent volatile flame would be discussed for comparative soot intensity

between co-firing particles and pure solid particles.

An in-depth understanding of the thermal decomposition and combustion in co-firing would
certainly be beneficial. Several studies [2, 7, 18-20, 24-28] have reviewed technical
considerations and conducted biomass combustion with coal in extended experimental
investigations. In thermogravimetric analysis (TGA), the devolatilisation of biomass—coal has
been investigated extensively at low heating rates, with focus on the ignition characteristics
[18], kinetic analysis [19] and primary reactions [25]. However, the experimental results of
such studies have not been adequately explained in the context of practical combustion
behaviour. This is because the actual pulverised solid-fuel particles in power plants are
generally burned rapidly and are accompanied by complicated reactions and events. Gani et
al. [26] investigated the co-combustion of coal with biomass in relation to ignition, NOx
emission and ash formation in a drop-tube furnace at 800°C. They plotted the temperature
profile along the furnace during biomass, coal and co-combustion and showed that co-
combustion yields the highest temperature of the three. Lu et al. [27] reported that adding
biomass can prolong ignition in co-firing because of the large particles and high moisture
content of the biomass. They also investigated flame characteristics such as brightness,
temperature and ignition in industrial-scale coal combustion. However, there were
uncertainties such as the loading of particles, their sizes and environmental conditions; these

limited the extent to which they were able to explain the flame parameters. Therefore, for a
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comparative analysis to clarify the combustion behaviour of solid-fuel particles with clearly
defined physical properties under well-controlled conditions, it is necessary to burn one

particle at a time.

In previous studies [17, 29], we investigated the combustion of single coal and biomass
particles in a lab-scale entrained-flow reactor. The experiments were carried out under rapid
heating rates and a high gas temperature in order to describe the particle combustion process
and investigate the flame characteristics. Khatami, Levendis et al. [30—-32] also observed the
behaviour of single particles of individual coal and biomass in a drop-tube furnace. However,
the observations of flame structure from these experiments are neither fully understood nor
explained in relation to co-firing. Different physical and chemical events can occur in co-
firing because of a mixture of solid fuel particles. Unfortunately, no experimental research

has been reported on single particles of pulverised coal and biomass mixtures.

This paper reports an investigation of burning single particles, which were produced from a
mixture of pulverised coal and biomass, using direct observation. Sequential combustion
processes such as heat-up, devolatilisation and char combustion are described in detail. The
effects of having single particles with different blending ratios, sizes and oxygen
concentrations are also discussed. Given the statistical uncertainties related to single particles
of homogenous fuel mixtures (20:80 and 50:50 mixtures of coal and wood), there was a clear
need for particle definition from sub-experiments such as scanning electron microscopy
(SEM), fuel properties and TGA, prior to the main experiment. The experimental results are
compared to discuss their ignition and combustion time and flame parameters with pure wood

and coal single particle burning behaviours through quantitative analysis.

2. METHODOLOGY
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2.1 Experimental apparatus

The experimental combustion study of solid fuel particles was performed in a lab-scale
entrained-flow reactor as shown in Fig. 1 with optical access to the burning single particles.
The square-shaped quartz tube is 45 mm in length and width and 800 mm in height, and a
honeycomb burner is located at the bottom for an upward flow of post-combustion gas. An
electrical guard heater shields the quartz to minimise the temperature drop of the post-
combustion gas except across the optical access section. Particles are injected at ambient
temperature (298 K) via a water-cooled injector made of stainless steel double tubes: an outer
tube for cooling water and an inner tube for the carrier gas and particles. This injector is
positioned above a porous flow straightener in the cross-flow configuration in which single
particles are entrained from the horizontal cold carrier gas into the vertical hot gas stream.
The injector is also placed 20 mm from the interior wall to minimise temperature and flow
differences between the hot gas stream and the wall. To support the temperature environment,
the temperature gradient in the optical access section is shown in Fig. 1 by a simulation
image (Fluent 13.0) that includes a prediction of particle displacement during burning. The
carrier-gas flow rate is 0.5 slpm in all experiments and the particles are injected at 25-30

particles/min by a micro-syringe injector.
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Fig. 1. Schematic diagram of the lab-scale entrained-flow reactor for a few hundred micron-
sized single solid particles. Also shown are the temperature fields of the hot gas stream (red)
and cold carrier gas (blue), which explain the temperature gradient and the predicted

sequential combustion processes of burning particle in the optical access section.

2.2 Environmental conditions

The variable-supply gas inputs of C3zHg, O2 and air into the honeycomb are controlled for
10%-40% oxygen concentration, whereas the flow rate of these gases is maintained
identically at 24.5 slpm for the experiments. The following main flue gases are produced: N2

(38.2%-67.9%), O (10.4%-40.1%), H,0 (12.4%) and CO; (9.3%).

The gas temperatures were measured on the basis of radiation loss of the probe of an R-type
thermocouple at 21 locations in x- and y-axis: 0, 7, 14, 21 and 50 mm from the injector along

the y-axis and 2, 19, 20, 30 and 39 mm along the x-axis. To obtain a mean value, temperature
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was averaged over 30 seconds. The variation in adiabatic flame temperatures from the post-
combustion was approximately 140 K from 10 % to 40 % oxygen concentration. The mixing
zone of the leftward-flowing cold carrier gas and the upward-flowing hot main gas stream is
shown in Fig. 2. As particles pass through this zone, their temperature increases up to the
devolatilisation or ignition temperature. The highly interacting flow zone at 0 mm along the
y-axis is also sufficient to affect particle motion and combustion. Khatami et al. [31]
discussed the change in combustion behaviour of a particle between quiescent gas conditions
(no flow) and active gas flow. Therefore, the environment with the mixing zone and cross
injection configuration enables an exclusive description of sequential combustion processes

such as drying, heat-up and volatile combustion regimes that accompany particle motion.

The velocities of post-combustion gas and cold carrier gas in a cross-jet apparatus have been
discussed by Lee et al. [33]. The particle velocities during the release of volatile matter vary
according to these physical quantities, so all experiments were performed under identical
vertical and horizontal velocities: ~1 m/s for the post-combustion gas and 2.5 m/s for the cold

carrier gas.
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Fig. 2. Experimental measurements of surrounding gas temperatures in the optical access
section. This shows the actual zonal temperatures of particles passing through and the

predicted initial particle temperature before heat-up.
2.3 Particle properties

The coal used in this study was a sub-bituminous type mined by Adaro Energy in Indonesia;
the biomass was pine wood logged in Gyeongsang Province, South Korea. These materials
were used for making a few-hundred-micron-sized single particles with a coal-to-wood fuel
ratio of either 50:50 or 20:80. To produce these special particles, we first created pellets in a
pellet factory through a sequence of pulverising and sieving the raw coal and wood (step 1),
mixing the resulting powders (step 2) and compressing the mixture into pellets (step 3), as
shown in Fig. 3. In step 1, particles are milled separately by species and sieved to under
100 um; anything larger can spoil a homogeneous mixture. Step 2 is an initial fuel mixing

process in which the same volume (500 mL) of coal and wood or 200 mL and 800 mL,
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respectively, are added to a container before being shaken and then sieved for 20 min. The
final step is the pelletizing process, which involves another mixing process with the addition
of 2 kg of water per 1 m? of particles. This water content plays an important role in the
physical bonding of different solid fuel particles as an adhesive source; this particular level of

water loading was determined through repeated tests of pellet stability/integrity.

Milling
process

Step 1

 —
 —|
Step 2 ‘
Pulverised coal ~ Pulverised wood Mixed particles

®/

Mixing Pelletizing Pellets
process process

Step 1: Milling process of coal & wood
Step 2: Mixing process of pulverised coal & wood

Step 3: Pelletizing process of mixed particles

Fig. 3. Preparation of pellets with 50:50 or 20:80 coal/wood mixtures. This figure shows how
the pellets were made with fuel blending for co-firing, prior to being pulverised into a few-

hundred-micron-sized particles.

Two types of pulverised co-firing particles were obtained from several separation methods

that have been described in detail previously [17]. Some of the collected particles inevitably
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have irregular shapes with high aspect ratio because of the fibrous wood particle structure,
but these can be separated using an inclined plane. The particles were separated into size
groups (215-255 um, 255-300 um and 300-355 pm) using seven testing sieves with different
mesh diameters: 215, 255, 300 and 355 um. Repeated tests with uncoated paper on an
inclined plane allowed the particles to be sorted by shape, e.g., flat, cylindrical, or spherical.
In the experiment, only the spherical-like shape is used because the cross-jet injection is
limited in burning irregular particle shapes. Flat-like and cylindrical-like particles lead to

very random trajectories with non-uniform particle motion in the reactor.

Four particles were subjected to chemical composition analysis on an as-received basis, as
shown in Table 1. These analysis data were obtained using the thermogravimetric analyser
(TGA-701) at the Energy and Environment Research Centre of the Korea Advanced Institute
of Science and Technology (KAIST). The changes in volatile matter and fixed carbon mass
fraction for the 50:50 blended particle were approximately +15% and —16.6%, respectively,
compared with coal particles, whereas for the 20:80 blended particle they are +26.7% and
—27.7%, respectively. The blended particles have higher moisture content because of the
water added during pelletising. However, the moisture differences between the four particles

after the pulverising process are too small to noticeably affect their combustion behaviours.

The bulk densities of the four particles were measured using a simplified bulk density
technique that involved filling a bottle with pulverised particles. This method allows the
density of each packed-bed particle to be calculated based on pp = (Mbp—Mbe)/Vbw, Where pp
is the particle density, mpp is the mass of the bottle filled with particles, mpe is the mass of
the empty bottle and Vpw is the volume of the bottle determined from water filling. Using
coal for the reference bulk density, the relative bulk densities of 50:50 coal/wood, 20:80

coal/wood and wood are 570 kg/m?, 430 kg/m3and 340 kg/m?, respectively. From measuring
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these particle densities, the energy densities were calculated as 19.581 GJ/m® for coal,
12.490 GJ/m? for 50:50 coal/wood, 8.530 GJ/m? for 20:80 coal/wood and 6.215 GJ/m® for

wood.

The difference in chemical composition between coal and wood particles is shown in Fig. 4
in a Van Krevelen diagram that indicates the relationship between the hydrogen/carbon (H/C)
and oxygen/carbon (O/C) ratios. Coal particles have the lowest H/C (0.73) and O/C (0.28)
ratios, whereas wood particles have the highest H/C (1.34) and O/C (0.89) ratios. The latter
contain highly volatile matter that is high in oxygen and low in fixed carbon. The presence of
high oxygen content plays a significant role in the reactivity of the pyrolysis, and the tar yield

is proportional to the H/C ratio [34].

Table 1. Chemical compositions of four samples

Proximate analysis Ultimate analysis LHV3&L Particle Approx.
o 1 o 2 it .
Sample (wt. % ar) (wt. % daf) (MJ/kg) | bulk density energy
(kg/m?) density
VM | F.C | Ash M C H 0 N S
(GJ/m?)
Coal 42.0 | 46.1 1.5 104 | 644 | 47 [ 181 ] 09 0.1 2543 770 19.581
Coal-Wood (50:50 %) 5701295 13 13.0 | 386 | 6.2 | 281 | 0.6 0.1 20.82 570 12.457
Coal-Wood (20:80 %) 68.7 | 184 | 06 | 11.7 | 523 | 64 [354 | 04 0.1 17.14 430 8.530
Wood 815 9.7 0.1 85 | 485 65 | 432 02 0.1 2543 340 6.215

lasreceived 2dry, ash free *lower heating value
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Fig. 4. Van Krevelen diagram for the four different solid fuel particles.

2.4 Direct observation of burning particles

A high-speed camera (Phantom V710) was used for direct observation of the burning
particles. It can record at 7,000 frames per second and is fitted with a micro-lens (Nikon
Micro-NIKKOR 105 mm f/2.8) as shown in Fig. 5. The magnification of the microscope lens
was determined through repeated tests with 30-mm and 200-mm micro-lenses to record clear
images of the soot flame in the maximum range of combustion regimes. The complementary
metal oxide semiconductor (CMQOS) image sensor in the camera was 25.6 mm x 16.0 mm
and a resolution of 1,280 x 800 pixels was selected to provide a quantitative analysis of the
burning particles. Lee et al. [29] introduced the calibration method with minimal observation
errors wherein the pixel size was calibrated using circle and line-scale reticle shapes, fitted

inside the field of view of the camera. Without a backlight, the flame intensity on a particle’s
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surface was too bright to allow char particles to be captured simultaneously. The flame
intensity varied according to the type of solid particle; for example, a coal particle burns with
almost twice the intensity of a biomass particle [17]. Therefore, determining the backlight
intensity played an important role in comparing the flame structures of the four particles. A
controllable-brightness, light-emitting diode (LED) backlight with uniform luminescence and
high intensity was adapted identically at 5,600 K for all experiments and was located at

50 mm from the quartz window.

Quartz

Guard § Approx. 400 i
heater %
LED % Phantom 710V
Backlight N High speed camera

(5,600 K) (7,000 frames/s)

C:) Micro-lens / \
/\ |I|I|||Ii|IIIIIH

4

»

7

N
R
N N

(THTOTITNN
Bumer

Fig. 5. Configuration of the high-speed camera and LED backlight. This enables the
observation of particle ignition and volatile and char combustion on the few-hundred-micron-

sized surfaces.

2.5 Physical formation of the four particles from SEM images

To explain the particle structures of the fuel mixtures, pulverised particles were examined

using a NOVA 230 SEM. The resulting images shown in Fig. 6 were taken under the
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following conditions: accelerating voltage 10.0 kV, spot size 3.0, magnification 650-800x.
The pure wood and coal particles were compared with the two co-firing particles. First, the
raw wood particle had a remarkably fibrous structure with a high aspect ratio, and the
external physical structure of the coal particle was an irregular blocky shape with angular
transitions. These appreciably different shapes can play an important role in particle motion,

temperature gradient and ignition [33, 35].

They may also exert a strong influence on differences in combustion behaviour, such as
flame structure, release of volatile matter and combustion mode. The blended particles were
physical mixtures of coal and wood fragments, and the small coal particles could appear
inside or on the particles. The fuel blending ratios (50:50 or 20:80) were fairly constant
according to the volume fractions of coal particles used in the pelletising process. However, it
is difficult to guarantee a homogeneous mixture of pulverised particles. Repeated tests
showed remarkable differences in the apparent flame structures of each particle group but
similar combustion behaviour in identical particle groups. The standard deviation was less
than 10% in all experiments. We analysed the thermal decomposition of the four particles to
support whether the particle mixtures were homogeneous or not, as discussed later in section

3.



291

292

293

294

295

296

297

298

299

300

301

302

303

304

)

Fig. 6. SEM images of coal, wood, 50:50 coal/wood and 20:80 coal/wood particles.

2.6 Characterisation of volatile flame on pulverised coal and raw wood particles

Flames comprise pyrolysis and luminous regions in which a gas phase and a solid phase (as
submicron soot particles) are released by the chemical reactions. The luminous region is
occupied in a flame and the high radiative energy is generated mostly from the soot particle
fraction. The fixed carbon content plays an important role in the formation of an elongated
soot cloud, because this content is equivalent to elemental carbon, which is one of the
elements that produce soot particles [36]. Here we discuss the physical appearance of flames
due to coal and wood particles prior to the investigation of single particles with different fuel
mixtures. As shown in Fig. 7, the different size and shape in volatile flames for both sub-
bituminous coal and wood particles at 1,340 K were observed under 10-40 % O». The

diffusion flame of coal was found to be several times larger than the wood flame under all
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oxygen concentrations. Increasing the coal particle size under low O concentration enhanced
the elongated flame. This result is consistent with previous research [29, 37]. The attached
flame is formed where the rate of volatile release is balanced by the rate of oxidation, but this
fast oxidation rate decreases the radius of the volatile flame and enhances the detached flame
depending on biomass species, particle size and particle heating rates. Especially, biomass
particles have thin volatile flames under high oxygen concentration because of their turbulent
dispersion of gas-phase, which is the major species in a flame. Coal particles under low O
concentration have an elongated flame with a soot tail. This tail is formed by the effect of
thermophoresis (force and velocity) between the solid phase and surrounding gas and low
availability of oxygen [38-40]. The differences in this soot tail are less pronounced at higher

oxygen concentration [41].

The flame characteristics of pure coal and wood particles offer a meaningful comparison for
the flame parameters of the two co-firing particles with different fuel-blending ratios. In the
experimental results, the intensities of volatile flames for the four particles were analysed by
image processing, which converts a flame image into a grayscale image. In the process, each
pixel in the image has different values in a range of 0 to 255, and numerical background
values, which were more or less than 65, are extracted from the images. After that, the
intensity of the flame was divided by the maximum value of grayscale (255). The intensity-
weighted values in the flame boundaries were fluctuating, which means that it might be
considered a flame threshold. To minimise their fluctuation and verify the minimised
variation of the flame size, we have carried out the sensitivity analysis with varying back-

lighting intensity until the rate of change in the flame size was minimised.
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331  Fig. 7. Typical flame structures of pure coal and wood in relation to shape and size under 10—
332 40% O and at 1,340 K. This illustrates the physical changes due to particle size and O

333  concentration, and explains the corresponding volatile combustion modes of attached,
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3. RESULTS AND DISCUSSION

3.1 Sequential combustion processes under slow heating and thermal decomposition for
different fuel-blending ratios

It is generally accepted that the impact of co-firing sub-bituminous coal (Adaro) with
biomass (pine wood) contributes to rapid devolatilisation, fast ignition and low emission of
carbon dioxide because of the chemical and physical characteristics of wood.
Thermogravimetric analysis, TG/DTA 92-18, was used to investigate the characteristics of
co-firing particles with different fuel blending ratios compared to raw wood particles. Each
sample was prepared at 8+0.5 mg from pulverised particles in the range of 150-215 pum, and
the samples were heated at 20 K/min to 1,273 K under air conditions. The results explained
the thermal decomposition and how the mass of these samples reduces differently as a
function of temperature over time. The main experiment was carried out under rapid heating,
but the TGA here was done under slow heating that is not representative of practical
conditions in an industrial furnace. In spite of this limitation, the different thermal
decompositions of 20:80 and 50:50 coal/wood and wood particles can be discussed in relation
to the impact of co-firing combustion and by comparing the combustion behaviour with that
under rapid heating rate. Thermogravimetric (TG) plots and derivative thermogravimetric
(DTG) curves, which are obtained from the derivatives of the TG profiles, are shown in Fig.
8. The results show unequal TG and DTG curves, with the first and second peaks of mass
reduction followed by fluctuations between 50:50 coal/wood, 20:80 coal/wood and raw wood.
In relation to the combustion processes, the first peak is due to the drying process that occurs
at 300400 K, after which the particle is heated up with negligible mass reduction.

Sequentially, the volatile release starts at approximately 520 K and the peak reaches almost
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610 K because pure wood particles have three components: lignin, cellulose and
hemicellulose. A fluctuation then occurs because of lignin decomposition. Generally,
hemicellulose decomposes in a range of 493-588 K, cellulose does so at 588-673 K and
lignin does so over a wide range of 433-1173 K [42]. Finally, the particle mass decreases at
constant mass loss rate, which is associated with char combustion. The second peak and
degree of fluctuation magnitude were obviously different between the three particles, which
is attributed to either the volume of wood particles or the volatile mass fraction in a particle.
Coal particles have a moderate peak and the char combustion regimes are extended because
of their high carbon content. Consequently, under slow heating, the highest peak for
devolatilisation occurs for the raw wood particle, and the co-firing particles also have higher
peaks at relatively low temperatures. However, the flame ignition and combustion behaviours
under this slow heating rate does not correspond with those of a single burning particle under

rapid heating rate. This aspect is discussed in section 3.2.
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Fig. 8. Thermal decompositions of 50:50 coal/wood, 20:80 coal/wood and pure wood
obtained from TGA at a heating rate of 20 K/min: (a) TG, (b) DTG. These graphs explain the
distinction between mass reduction associated with homogeneous and heterogeneous
combustion between the two prepared co-firing particles, coal particles and pulverised wood

particles.

3.2 Sequential combustion processes under rapid heating and development of volatile
flames for different blending ratios

The sequential combustion processes of a pulverised solid-fuel particle are explained in the
superimposed images in Fig. 9. Single particles of coal, 50:50 coal/wood, 20:80 coal/wood
and wood in size ranges of 215-255 uym and 300-355 pm were burned under 10% oxygen
concentration and at 1,340 K. Particles are heated rapidly by the drying process after particle
injection at 298 K. The release of volatiles then starts within a few milliseconds, followed by

volatile combustion. Char combustion starts after extinction of the volatile flame, but this
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regime is not shown because of limited optical access. Under rapid heating rates, volatile
combustion presents changes in the flame size, following volatile ignition. Comparative
flame size and intensity with sequential combustion processes can be explained as a function
of time. In contrast, TGA, which is operated under slow heating rates, shows the fluctuated
profile with a peak for the regime of volatile combustion, providing a range of particle
temperature for volatile and char combustion and a different rate of devolatilisation between
the four particles. The similar tendency of volatile combustion was shown in the results, but
there are more complex physical and chemical events in a flame around a particle under rapid
heating. Generally, high soot formation in a flame is associated with tar reacting to become
submicron-sized soot particles at high temperatures. This affects the volatile combustion
associated with highly luminous flames [43, 44]. From this result, the four burning particles
differed in apparent homogeneous ignition and apparent flame structures. The pure coal
particle (215-255 um) ignited after 30 ms, whereas the wood particle ignited after 48 ms. The
single particles with fuel mixtures ignite in almost the same way as does the coal particle,
which is attributed to the coal ignition characteristics. To see this in more detail, the results
for ignition and combustion times are discussed in Fig. 12-15, where it can be seen that
increasing the coal blending ratio has an impact on large elongated flames with their high

intensity.
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Fig. 9. Sequential combustion-process images of four solid particles (d2ss-300 um, Tg= 1340 K
and 10% O concentration). After leaving the tip of the injector, each single particle is

marked at intervals of 6 ms as it forms an apparent volatile flame from initial ignition.

3.3 Ignition delay, volatile combustion time and flame characteristics

Figure 10 shows the average heat-up (or ignition) and volatile combustion durations for the
four particles from 20 of each particle under different oxygen concentrations at 1,340 K. The
standard deviation of each test is less than 10% of the mean values from the quantitative
analysis. The heat-up time is measured from when the particle is injected until the apparent
volatile ignition. This ignition might be different from homologous ignition, because a light
gas phase emits a very weak light. Therefore, this experiment presents only the apparent
volatile ignition with soot luminosity. The results show that, under 10% oxygen, the coal

particle and the two co-firing particles have shorter ignition delays (26-30 ms) than that of
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the wood particle (40 ms).

Under all oxygen levels, the differences in apparent volatile ignition between particles
(except for the pure wood particles) are not significant because of early ignition, based on
apparent volatile ignition of the coal particle. The volatile combustion time of the co-firing
particles is almost the same as that of wood. In other words, the different ignition and volatile
combustion times of the co-firing particles can be attributed to both coal and wood,
respectively.

The apparent flame characteristics of the four particles at 215-255 pum are explained under
10, 21 and 30% O as shown in Fig. 11. Overall, the size of the volatile flames decreases with
the shorter combustion time as the oxygen concentration increases. This result shows that the
four particles have distinguishable flame structures in terms of size and intensity under all

oxygen levels. Their flame size and intensity are explained by a quantitative analysis in

section 3.4.
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Fig. 10. Measurement of average duration of heat-up and volatile combustion, obtained from
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four particles (255-300 wm) under different oxygen concentrations at 1,340 K. This figure
shows different burning characteristics between the wood and coal particles and the two

mixed particles.
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Fig. 11. Burning particles at 215-255 um under 10%-30% O> concentrations at 1,340 K: (a)
coal, (b) 20:80 coal/wood, (c) 50:50 coal/wood and (d) wood. The particles are captured over

time intervals of 4 ms. The coal particle has the largest and brightest flame of the four.

3.4 Effect of particle types over time

The results shown in Fig. 12 suggest that increasing the coal blending ratio under 10 and 21%
oxygen concentrations has a significant effect on the enveloped flame of each particle in the
time domain. The size and intensity of the flames around particles (215-255 um) were

measured from volatile ignition to flame extinction. However, we cannot detect the whole
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volatile combustion in particles (300-350 um) as explained before. Particle combustion
events are associated with a high peak when the maximum volume of volatiles and soot
particles are in the flame. This can also be seen in the nearly symmetrical profile during
combustion [17]. From this result, the profiles of the two particles with fuel mixtures are seen
to lie between the coal and wood profiles. The peak flame size does not correspond entirely
with the peak flame intensity, although they have similar tendencies over the same period.
The peak of volatile flame area occurs marginally before the intensity peak.

Figure 13 shows the variation in maximum flame area and intensity under 21% O at
1,340 K with the wood-coal blending ratio. The imagined line between wood and coal
particles is drawn in order to compare their measured magnitudes. To obtain the results, the
flame parameters were averaged over 20 particles for each test. The flame area of the 50:50
coal/wood particle differed from the prediction of the imagined line by 0.03 mm?. Both the
20:80 and 50:50 coal/wood particles have a higher intensity compared with the trend in flame
area. Also, there was little difference in intensity between the 50:50 coal/wood and pure coal

particles under 21% O..
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Fig. 12. Effect of particle type on flame development under 10 and 21% O at 1,340 K. The

figures show a peak in the flame parameters as a function of time, and distinguishable flame
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size and intensity between particles are measured at 215-255 um and 300-350 um.
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3.5 Effect of oxygen concentration with particle type as a function of time

The four different types of particle in the particle size group of 215-255 um were burned
under 10%-40% O». Fig. 14 shows the temporal flame profiles for the effect of oxygen
concentration. The flame area decreased with shorter volatile combustion time as the oxygen
concentration was increased. A dramatic decrease of this flame parameter for particles at
255-300 um was observed between 10 and 21 % oxygen, as shown in Fig. 15(a). Particles
burning under low oxygen concentration have an elongated flame. The flame areas of coal,
50:50 coal/wood, 20:80 coal/wood and wood under 21%-30% O, decreased by

approximately 44, 40, 59 and 79%, respectively. As for the combustion mode, particles
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containing 80% or more of wood have imperceptible volatile flames with low luminosity at
high oxygen concentrations, and simultaneous homogeneous and heterogeneous combustion
occurs on the surface. Hence, coal blending plays an important role in stable flame structures

and sequential combustion processes even under high oxygen concentrations.

Overall, the flame intensity of the four particles at 255-300 um present the effect of oxygen
concentration as shown in Fig. 15(b). The flame intensities on all the particles were
comparatively high under 21% oxygen. However, the peak flame intensity of the coal
particles was reached at 30% oxygen concentration, whereas the pure wood particle and
particles with wood mixtures have their highest flame intensities at 21% O.. This
phenomenon is likely attributable to the volume fraction of soot in the flame. The normalised
flame intensities of particles with high wood mixtures decreased dramatically between 21 %
and 30 % O.. Khatami et al. [15] reported that the highest peak soot volume fraction of
bituminous coal occurred in 40 % O. The different profiles between two results are related to

the particle size, environmental conditions and reaction rate.
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Fig. 14. Effect of oxygen concentration (10%-40%) on the flame characteristics of the four
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3.6 Effect of particle size

Figure 16 shows superimposed visible flame appearances for particle sizes in the ranges of
215-255 pm and 300-350 um. All the experiments were performed under 10% oxygen
concentration at 1,340 K. After injection, the burning particles were captured at 4-ms time
intervals. The increase of approximately 100 um in the size of the four particle types clearly
affected the ignition delay. The trajectories of the 300—350-um particles dropped slightly after
injection and then went upwards until burnout because of the relatively high particle mass. In
the experiment, the particle size group of 355—425 um dropped slightly after injection and
then lifted toward the top until burnout. Larger particle sizes fall to the bottom to be
incompletely burned without volatile combustion, which was explained by Mock et al. [17].

Figure 17 shows the average flame parameters for 20 particles of 215-255 um and 300-
350 um under 21% oxygen concentration. This shows that the increase in flame size for all
particles was very steady between the two particle-size groups. However, the increased flame
intensity is a little different between coal particles and particles with a high coal-blending
ratio. The coal and 50:50 coal/wood particles also show very similar flame intensity
variations with particle size, which may be attributed to a sufficiently high soot particle

volume fraction in the particles.
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3.7 Flame aspect ratio of co-firing particles

The shapes of the flames on the four particle surfaces under 10 and 21% oxygen
concentrations can be represented in terms of the flame aspect ratio. Figures 18(a) and (b)
illustrate the measurement of flame height, length and intensity after image post-processing,
which may be an effective way to define the characteristics of flame shape. One of the results
is that a relatively large pyrolysis zone for fuel vaporisation and reactions was observed
clearly under low oxygen concentration, showing a transparent coloured boundary layer. The
flame aspect ratio increases rapidly for burning particles with a 50% coal blending ratio.
However, wood and 20:80 coal/wood particle have aspect ratios of approximately 1.2, which
suggests a more spherical flame. An elongated flame can be attributed to soot phase in a
particle. Coal particles, which contain more fixed carbon and less volatile matter, have the

highest visible flame aspect ratio of 3.4 under the lowest oxygen concentration.
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Fig. 18. Flame structure in terms of aspect ratio obtained from volatile flames of four

particles under 10 and 21% O> concentrations by image post-processing.
4, CONCLUSIONS

In the study, pulverised single solid-fuel particles with different fuel mixtures were burned
in a lab-scale entrained-flow reactor. These were compared with the burning of pure coal and
pure wood particles under identical environmental conditions. The four particles differed in
relation to their chemical and physical characteristics, which in turn affected the flame
characteristics. The main objectives were to assess the burning behaviours of mixed single
particles for co-firing, focusing on ignition, flame area and intensity, and combustion time,
from direct observation. Quantitative analysis of these combustion parameters was presented
along with a description of the sequential combustion process of the particles under various
oxygen concentrations and for different particle sizes. The burning of particles under both

slow and rapid heating was also discussed in relation to the similarities and differences of
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their combustion behaviours. The significant conclusions of this study are as follows:

1. Single particles were observed in sequential combustion processes such as heat-up,

ignition and volatile and char combustion. Simultaneous volatile and char combustion
has been observed in a particle with high wood mixture under enhanced oxygen
concentrations.

The conical flame shape on co-firing particles was affected by an increase in the coal
mixture ratio. This was because the high fixed carbon content and H/C ratio of coal
generate a large soot flame with a high aspect ratio and flame intensity.

The pulverised particles are burned out in a few hundred milliseconds under rapid
heating; coal particles ignited sooner than the apparent ignition of wood particles. As
a result, the ignition of pulverised co-firing particles is attributed to the coal ignition
characteristics. However, the volatile combustion time plays an important role in the
high volatile matter content of the wood mixtures.

Of relevance to co-firing combustion is the fact that particles with coal/wood
mixtures improve the radiative heat energy from the flame parameters compared with
wood flames: +9% and +32% for the size and 93% and 187% for the intensity of
20:80 coal/wood and 50:50 coal/wood, respectively, under 21% O». This may affect
the stable diffusion flame, the fast homogeneous ignition and the flame stability to the

boiler efficiency.
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