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Ignition experiments regarding the combustion of Indonesian coal were performed in a reducing atmosphere
using a bias combustion simulator with a thermal power of 250-kW. Flame spectra, gas temperatures and gas
species were recorded, and coal combustion residues were sampled. The influences of exit velocity on the ig-
nition mechanism, ignition delay distance, continuous flame boundary and fuel NO, formation of bias parallel
pulverized-coal streams were investigated. The experimental results reveal that as exit velocity increased, the
peak value of visible-light intensity, the combustion efficiency and the flame stability gradually decreased, while
the ignition delay distance, the continuous flame boundary, and the formation of fuel NOx gradually increased.
Furthermore, the ignition behaviors became worse. A transition of ignition mechanism occurred with increasing
exit velocity, at an exit velocity of 16 m/s, the bias parallel pulverized-coal streams ignited in a hetero-homo-
geneous joint mechanism; at exit velocities of 20, 25 and 29 m/s, the bias parallel pulverized-coal streams
ignited in a homogeneous mechanism. For different exit velocities, the fuel-rich stream ignited in advance of the
fuel-lean stream, and the continuous flame boundary leaned evidently towards the fuel-rich stream side.
According to the experimental findings in the present study, the horizontal bias combustion pulverized-coal
burners were designed and applied to one-sixth of the total burners in a tangentially-fired pulverized-coal boiler.
At the rated electrical load of 500 MWe, the NO, concentration prior to denitrification decreased by 11%, and
the ammonium consumption for denitrification decreased by 42 kg/h. The results of the present study are also
beneficial to further advance ignition concepts of low NO, bias combustion of pulverized-coal and enable the
related numerical simulation work.

1. Introduction

Coal’s share in power generation is still at 38% and accounts for the
largest percentage [1]. Indonesian coal is widely used in the world due
to the low price of the coal and good accessibility of shipment, as well
as high demand from countries like China, India, Japan, South Korea,
etc. [1]. Tangentially-fired pulverized-coal (PC) boilers are being well
modernized, improved and developed around the world [2]. In a tan-
gentially-fired PC boiler, the PC carried by primary air as a PC stream is
sent into the boiler through the nozzles of coal burners, meanwhile the
secondary air required for combustion is injected into the boiler
through the nozzles of secondary air. The horizontal bias combustion
(HBC) technique has been extensively applied to the tangentially-fired

PC boilers due to its low-NO, formation and high combustion effi-
ciency. In the HBC technique, the parallel PC streams of fuel-rich and
fuel-lean are horizontally injected into the furnace, which are then ig-
nited in an oxygen-deficient atmosphere and an oxygen-rich atmo-
sphere, respectively [3,4]. Air-staged combustion technologies are now
being well developed for the PC boilers [5,6], which create an oxygen-
deficient combustion environment in the main combustion zone (also
referred to as the primary combustion zone) to achieve extremely low-
NO, emission [7,8]. However, if the air-to-coal ratio in the main com-
bustion zone is too low [9]. The complete combustion process will be
affected, resulting in a decrease in combustion efficiency [10-13]. Ac-
cordingly, in order to guide the rational development of the low-NO,
HBC technique, the ignition behaviors of bias parallel PC streams under
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a reducing environment need to be further investigated.

Ignition plays an extremely significant role in the design of the
combustor and burner as well as in the combustion process itself.
Numerous studies have been conducted on the ignition mechanism,
ignition delay, flame stability and combustion characteristics, etc.
[14-16]. There are three well-known ignition mechanisms of coal, i.e.,
heterogeneous, gas-phase or homogeneous, and hetero-homogeneous
joint ignition [17,18]. Khatami et al. revealed that the coal particle
combustion was categorized into one-mode and two-mode, i.e., si-
multaneous ignition of the char and volatile and sequential ignition of
volatiles and char [15,19,20]. Generally, the ignition of a PC stream can
be classified into three regions of preheating, growing flame and con-
tinuous flame. Accordingly, two kinds of delay distances were in-
troduced. One is defined as the ignition delay distance from the starting
point of PC stream to the onset of the growing flame. The other is de-
fined as the continuous flame delay distance from the starting point of
PC stream to the onset of the continuous flame [21-23]. Even so, the
detailed ignition behaviors of bias parallel PC streams in a tangentially-
fired PC boiler remain inadequately understood due to the complexity
of the experimental facility.

The primary air velocity in a coal-fired boiler is the exit velocity
(EV) of a PC stream at the burner nozzle, which is critical to the stability
and safety of the combustion. There will be a stable ignition delay
distance if the imposed primary air velocity matches the flame velocity
(rate of burning); otherwise there may be flame blow off or flash back
[23]. In a tangentially-fired PC boiler, appropriately designed EV for a
PC burner burning a coal with different ignition behaviors is not only
suitable for optimizing combustion performance, but also important for
the pollutant emission [24]. Regrettably, the selection of EV for a PC
burner burning a new coal mostly depends on experience rather than an
experimental investigation [25]. Our previous experimental study re-
vealed that there was an optimal EV at which the ignition character-
istics of bias parallel PC streams were the best [25]. It can be seen that
the EV can severely affect the ignition of PC, and consequentially affect
the NO, formation characteristics of bias parallel PC streams, which
was not studied in our previous publication [25]. The further study of
the influences of EV on the NO, formation characteristics in the ignition
stage of bias parallel PC streams will bring more environmental and
economic benefits to the tangentially fired PC boilers burning a new
coal. Xu et al. studied the ignition of a PC stream in an entrained flow
reactor, using a camera to record the flame characteristics [16]. The
results indicated that as EV increased, the ignition distance decreased,
and the flame of PC stream became wide and turbulent. Zhang et al.
investigated the effects of primary air and secondary air on the ignition
of a turbulent PC stream under an oxy-combustion environment [26].
However, the results obtained using these experimental means evi-
dently differ from the results obtained in the furnaces of actual tan-
gentially-fired PC boilers [23]. Consequently, it is extremely necessary
to design an appropriate experimental setup to further study the in-
fluences of EV on the ignition behaviors of bias parallel PC streams in
tangentially fired PC boilers, with the purpose of benefiting the ad-
vantages of HBC technique.

Numerous experimental setups have been used for the research of
coal combustion. Zeng et al. performed coal combustion experiments in
a Hencken burner, using an optical fiber spectrometer and a camera, to
investigate the behaviors of coal particles burning under oxy-coal
combustion conditions [27]. Adeosun et al. employed a two-stage
Hencken burner with digital videography, to identify the ignition delay
distance and ignition mode of coal particle in a reducing-to-oxidizing
atmosphere [28,29]. Nonetheless, the PC stream in the above-men-
tioned studies was heated by only the plane temperature distribution in
the experimental setups [16,27-31]. Likewise, drop tube furnaces or
other reactors were also applied to investigate the PC ignition beha-
viors, but the main heat transfer mode in the electrical heating furnace
was radiation, which was not the same as the convection heat transfer
in the actual boilers. Besides, the flow characteristics in these
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experimental setups also differed from the tangentially-fired PC boilers
[15,19,20,32-34]. Moreover, the coal mixed with the high-temperature
gas was tested in some vertical or horizontal furnace reactors. Dobd
et al. conducted pilot-scale experiments in a high-pressure down-fired
combustor, using multiple measurements to investigate the operational
performance of coal-water slurry under the oxy-combustion conditions
[35]. Clements et al. performed the pilot-scale experiments in a hor-
izontal furnace combustion facility to study ignition behaviors of mixed
fuel of coal and petroleum coke [36]. Evidently, these researches have
only concentrated on the combustion behaviors of single PC stream,
without adequately clarifying the ignition process of PC bias combus-
tion in a tangentially-fired PC boiler [26,35-37]. Correspondingly, the
results revealed in the aforementioned experiments are conducive to
understanding and analyzing the ignition of the conventional PC stream
but are inadaptable to the research of the ignition of two bias parallel
PC streams in tangentially-fired PC boilers.

The bias combustion simulator (BCS) with the thermal power of
250-kW was used in the present study and was capable of simulating
the ignition state of a straight jet burner at one corner of an actual
tangentially-fired PC boiler. Compared with other experimental facil-
ities, in an accurate and flexible way, the BCS can regulate the flowrate
and mixing point of six streams in the main combustion zone, including
two bias PC streams, two secondary air streams and two high-tem-
perature flue gases, which is more applicable to the study of the bias
combustion in a tangentially-fired PC boiler [3,4,25,38]. The flame
fluctuates during the ignition of bias parallel PC streams, the combus-
tion temperature thus fluctuates. These fluctuations, however, cannot
be recorded accurately by the thermocouples in a timely manner. It is
hence essential to employ an optical method in the experimental setup
to observe the fluctuation of the flame [14,28,29,37,39,40]. Except for
the traditional measurement methods, the present study collected the
flame spectra in the BCS employing a spectrometer. The results of the
present study are conducive to the industrial application of the low-NOy
bias combustion technology. Additionally, they can enable relevant
numerical simulation of bias parallel PC streams ignition in a reducing
atmosphere.

The results are not only helpful to parameter design of the HBC PC
burner technology, but also conducive to further advance the ignition
theory of low NO, bias combustion in a reducing atmosphere and en-
able related numerical simulation work. Additionally, they provide a
baseline for the future study of the ignition behaviors of PC bias com-
bustion in an oxygen-enriched condition.

2. Experiment
2.1. Experimental setup

Fig. 1 shows a schematic diagram of the BCS, and the detailed
parameters were listed in Table 1. From a forced-draft fan, cold air
enters an air preheater for heating. Furthermore, after the temperature
has been being regulated by a mixture of hot and cold air in the
windboxes, the air with desired temperature is supplied into the pipes
of primary air and secondary air, respectively. Two shares of Indonesian
coal from two PC silos, after being fed continuously and stably by the
variable-frequency screw feeders and mixed with primary air as two
bias parallel PC streams, are finally introduced into the main combus-
tion zone to achieve bias combustion condition. The oxygen consumed
in the ignition stage is provided by the primary air, and the oxygen
required for maintaining a reasonable equivalence ratio of air-to-coal in
the BCS is replenished by the secondary air. In a tangentially-fired
boiler with HBC PC burners, the fuel-rich stream and fuel-lean steam
are ignited by the high temperature flue gases from the fire side and
back side, respectively. Accordingly, two high-temperature gases from
the complete combustion of propane, are injected into the main com-
bustion zone through two alloy-steel pipes. The gases create an ignition
environment simulating that of a tangentially-fired PC boiler. The high-
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Fig. 1. Schematic diagram of the BCS system.

Table 1

Main parameters of pilot-scale BCS.
Parameter Value
Rated total thermal power 250 kW
Rated coal fired thermal power 200 kW
Rated gas fired thermal power 50 kW
Coal feeding flow rate 36.778 kg/h
Propane feeding flow rate 2 Nm®/h
Primary Air/Secondary Air temperature 85/250 °C
Total air flowrate 140.143 Nm®/h
Maximum operation temperature 1500 °C
Main combustion zone height 1280 mm
Furnace inner diameter 800 mm

temperature gases are used to ignite the bias parallel PC streams and
maintain the stable combustion in BCS, which can approximate the
ignition state of a bias combustion burner at one corner in a tangen-
tially-fired PC boiler [37]. The detailed arrangement of different
streams in the BCS is shown in Fig. 2. The flue gas from the main
combustion zone passes through the back-end flue gas ducts and other
equipment in sequence, and finally enters the chimney. The airflow and
PC bias feeding in the BCS can be flexibly regulated to ensure accurate
experimental conditions and stable operation in the experiments
[3,4,25,38].

The BCS has a tube furnace with the main combustion zone at the
top. There are multiple experimental means in the BCS to record ac-
curate information on the flame spectra, gas species concentrations,
coal combustion residues, as well as radial and axial temperatures, as

shown in Fig. 1. In the BCS, measurement ports are located on both
sides of the main combustion zone at different axial distances vertically
from up to bottom. Correspondingly, the flame spectra and images were
recorded through the ports on the right side. Meanwhile, through the
ports on the left side, a water-cooled stainless steel probe was utilized to
obtain the gas species concentrations on-line, while the coal combus-
tion residues were sampled for off-line analysis. The radial tempera-
tures were measured in the horizontal direction along the furnace in-
ternal diameter through the left side ports, while the axial temperatures
were acquired in the vertical direction along the central axis of the BCS,
through a measurement port located in the middle of bias parallel PC
streams at the top of the main combustion zone [3,4,25,38].

In the present study, the Inconel armored type-K thermocouples
with diameters of 2 mm were used to measure the gas temperatures
[19,26,41]. A fiber-optic spectrometer UV-VIS (USB-650 UV) from
Ocean Optics was employed to determine the flame characteristics in
the main combustion zone of the BCS. Two types of spectral images
were collected by the spectrometer. The first was of the scope mode
spectra, also referred to as the original spectra, and the second was of
the spectra calibrated by absolute irradiance [4,25,38]. The emission
intensities of light rays in the two types of spectra increased as tem-
perature increased in the BCS [42]. A VARIO PLUS type MRU flue gas
analyzer was used to measure the gas species including NO,, O, CO5
and CO, which were in the range of 0-300 ppm, 0-3%, 0-14% and
0-500 ppm, respectively. An Indonesian coal from Trafigura was tested
in China according to the standard of GB/T 31391-2015. The typical
analysis is listed in Table 2, of which the oxygen content was calculated
based on the measured results of other components. There was a full
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Fig. 2. Schematic of different streams arrangement in the BCS.

particle size distribution for the samples, and the proportion of the
particles with a size above 75 pm was 16% [3,4,25,38].

2.2. Experimental methodology

In the experiments performed in the 250-kW BCS, the thermal
powers of coal and propane were fixed at 200-kW and 50-kW, respec-
tively. The equivalence ratio between air and coal in the BCS was set at
0.75 for maintaining a reducing atmosphere. The initial coal con-
centration that is the total mass ratio between coal and air in the PC
streams was set at 0.33 kg/kg; the bias concentration ratio that is the
coal mass ratio between the streams of fuel-rich and fuel-lean was set at
4; the exit temperatures (or named as initial temperatures) of primary
air and secondary air were set at 85 °C and 250 °C, respectively. The
bias PC burner exits were set at axial distance of 0 mm in the experi-
ments. The above parameters were validated well in our previous
publications [3,25,38]. Four experimental conditions of variable EVs
for the PC streams were set at 16, 20, 25 and 29 m/s, respectively,

Table 2
Typical sample analysis of the Indonesian coal.

which are commonly used by the tangentially-fired PC boilers. Based on
the constant flowrates of primary air and secondary air in this study, the
variable EVs were achieved through the replacement of bias PC burners
for different experimental conditions, while the secondary air velocity
was fixed at 26 m/s. In order to provide the findings beyond a particular
geometry, the dimensionless numbers of the bias parallel PC streams
are listed in Table 3.

To ensure the reliability and stability, a strict standard operating
procedure was implemented in the experiments. When the preset values
were reached, the stable experimental condition was determined as
follows [3,4,25,38].

(1) The fuel-rich stream and fuel-lean stream were fed stably by the
calibrated screw feeders.

(2) The negative pressure at the exit of the furnace was controlled at
—100 Pa.

(3) The monitored gas species including NOy, O,, CO, and CO deviated
in the range of 0-1%.

Ultimate (%, as received basis)

Proximate (%, as received basis)

Lower heating value (kJ/kg)

C H (0] N S

Fixed carbon

Volatile Ash Moisture

51.77 3.7 15.5 0.85 0.42 36.61

35.63 5.06 22.7 19,508
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Table 3
Dimensionless numbers of the bias parallel PC streams.

Reynolds number of EVs Momentum ratios of air to fuel at different EVs

16 m/s 20m/s 25 m/s 29m/s 16 m/s 20 m/s 25 m/s 29 m/s

19,091 21,727 23,669 25,540 6.17 5.54 5.03 4.75

(4) The measured combustion temperatures deviated within the scope
of 0-1% (12 °C).

(5) The fluctuation of the collected flame spectra owing to normal
flame pulsation was in the deviation of 0-10%.

In order to ensure the accuracy and repeatability, parameters were
recorded only if the experiments could be repeated in the present study.
The average value of each parameter was taken to minimize errors. Gas
temperatures were recorded automatically by a computer once per
minute for a period of ten minutes, and the average temperatures were
taken as the final radial and axial temperatures. The two kinds of flame
spectra were collected on-line four times per second for thirty seconds.
The averages of the selected one hundred spectra were taken as the final
spectra for the scope mode spectrum and the spectrum calibrated by
absolute irradiance, respectively. The gas species concentrations were
measured on-line for 20 times in an experimental case, and the average
concentration values were taken as the final value for NO,, O,, CO, and
CO. More details regarding the experimental studies were presented in
the relevant publications [3,4,25,38].

In the present study, multiple experimental methods including
flame spectra, gas temperatures, the carbon burnouts of coal combus-
tion residues, the volatile burnout and fixed-carbon burnout, as well as
the conversion rates from fuel nitrogen to NOy were analyzed to obtain
accurate ignition behaviors of bias parallel PC streams. Prior to two
shares of coal being fed into the BCS, the axial blank temperatures were
measured when a stable temperature profile was formed in the main
combustion zone. All the axial blank temperatures were universal in the
experiments [25]. The axial differential temperature of bias parallel PC
streams in the BCS was obtained by subtracting axial blank temperature
from the axial temperature with coal burning [3,25,38], indicating the
trend of heat released from coal during the ignition [15,43,44]. Thereby
the ignition mechanism of bias parallel PC streams could be determined
firstly according to the reason that one heat release spike represents
simultaneous ignition of the char and volatile, and two heat release
spikes stands for sequential ignition of volatiles and char [3,25,38].
Moreover, the emission intensities of the volatile and char in the igni-
tion stage were compared using the light rays at the specified wave-
lengths in the same spectrum calibrated by absolute irradiance. To be
specific, the emission intensity of hydrocarbon can represent the com-
bustion intensity of volatile [45-49], and the emission intensity of hot
soot can represent the combustion intensity of char [45,47,50], hence
the ignition mechanism of the bias parallel PC streams could be con-
firmed [3,25,38]. Furthermore, based on the off-line analysis of the coal
combustion residues sampled in the experiments, the ignition me-
chanism of bias parallel PC streams was demonstrated by the fixed-
carbon burnout and volatile burnout; beyond that, the combustion ef-
ficiency of bias parallel PC streams was analyzed by the carbon burnout
[3,23,25,38]. The fixed-carbon burnout, volatile burnout and combus-
tion efficiency of coal combustion residues were calculated using for-
mulas (1), (2) and (3), respectively, as follows:

BOypc = [1 L @] x 100

FC, A; 1)
Bov=[1—ﬁxﬁ]x100

Vo A ()]
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Ao 1— 4
X
1-A4, A;

CE=[1— ]XIOO

3)
where BOgc, BOy, and CE (%) are the fixed-carbon burnout, volatile
burnout and combustion efficiency, respectively; FC;, V;, and A; (%) are
the contents of the fixed carbon, volatile, and ash of the dry sampled
coal combustion residues, respectively; and FC,, Vy, and A, (%) are the
contents of the fixed carbon, volatile, and ash of the dry coal, respec-
tively [3,23,25,38].

In the present study, the ignition delay distance was investigated
accurately using the visible-lights in the scope mode spectra from dif-
ferent experimental cases. The ignition delay distance in the BCS was
determined as the distance where the visible-light intensity reached
10% of the spike average value [3,25,30,38,51], which was also vali-
dated well with the flame onset location observed in the field of ex-
perimental setup [3,25,38]. Normally, a PC stream enters its continuous
flame region at the position where the combustion reaches 50% in-
tensity of the maximum value [21,22,48]. Thereby the continuous
flame delay distance was determined as the location where the visible-
light intensity reached 50% of the spike average value
[16,21,22,30,47]. The above defined ignition delay distance and con-
tinuous flame delay distance showed the same tendency in the experi-
ments. Moreover, the continuous flame boundary was determined by
the continuous flame delay distance and radial temperature distribu-
tions [52].

In order to judge the better ignition behaviors of bias parallel PC
streams, the criterion was determined as the shorter ignition delay
distance, higher combustion efficiency, more intense visible-light, more
stable flame, and less formation of fuel NO, [4,25,38].

3. Results and discussion
3.1. Ignition mechanism of bias parallel PC streams at different EVs

If the char and volatile ignite simultaneously during coal combus-
tion, the rate of heat release will be relatively high with one obvious
spike in the axial differential temperatures. If the volatile ignites first
without the combustion of char, the rate of heat release will be rela-
tively low with a small spike in the axial differential temperatures. As
the char burns afterward, a second large spike will appear in the dis-
tribution of the axial differential temperatures [26,43,44,53]. The axial
differential temperatures at different EVs for bias parallel PC streams
are shown in Fig. 3. It can be seen that the axial differential tempera-
tures gradually increased after an axial distance of 540 mm because the
secondary air gradually mixed into the ignition of the bias parallel PC
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Fig. 3. Axial differential temperatures at different EVs.
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streams after 540 mm, which was similar to the actual state in a tan-
gentially-fired PC boiler. Furthermore, the axial differential tempera-
tures have one obvious spike before the 180 mm, which is because two
bias PC streams began to intersect and absorb heat at the BCS central
axis from the 90 mm. Accordingly, as the two bias PC streams gradually
mixed with the two high-temperature gases after the 180 mm, the trend
of heat released from the ignition can be reflected by the distribution of
axial differential temperatures from 180 to 540 mm [3,25,38]. It is seen
that from the 180 to 540 mm, at an EV of 16 m/s, one obvious spike
with a pause appears in the distribution of axial differential tempera-
tures. Meanwhile, at EVs of 20, 25 and 29 m/s, two obvious spikes
appear in the axial differential temperatures, with the second spikes
being larger than the first.

The single spike in the axial differential temperatures at an EV of
16 m/s arose from the heat released from the simultaneous ignition of
the chars and volatiles [20,32,33], which preliminarily indicates that
the bias parallel PC streams at an EV of 16 m/s ignited in a char-volatile
joint mode [3,20,25,32,33,38]. At EVs of 20, 25 and 29 m/s, the first
spikes in the axial differential temperatures arose from the heat re-
leased from the ignition of the volatile, and the second spikes arose
from the heat released from the ignition of the char [20,32,33,54],
which preliminarily indicates that the bias parallel PC streams at EVs of
20, 25 and 29 m/s ignited in a volatile-phase mode
[3,20,25,32,33,38,54]. Besides, if the combustion of bias parallel PC
streams was more intense, the peak value in the axial differential
temperatures would be larger [55]. It is seen that with increasing EV
prior to 540 mm, the temperature at the spike of the axial differential
temperatures gradually decreased, demonstrating that the intensity of
bias parallel PC streams combustion gradually decreased.

In contrast to 16 m/s, at higher EVs of 20, 25 and 29 m/s, the bias
parallel PC streams absorbed less radiation heat from the surroundings
owing to the fact that less time was taken at the same distance, resulting
in the ahead ignition of volatile. Afterward, the bias parallel PC streams
continuously absorbed more convection heat from high-temperature
gases owing to greater turbulence intensities at higher velocities,
leading to the subsequent combustion of char.

The ignition mechanism of bias parallel PC streams can be further
confirmed based on the emission intensities of hot soot and hydro-
carbon in the flame spectra. The absolute irradiances of hot soot and
hydrocarbon at different EVs for bias parallel PC streams are shown in
Figs. 4-7. It is observed that the spike positions of absolute irradiances
of hot soot and hydrocarbon gradually increased as EV increased, which
were at 700 mm for EVs of 16 and 20 m/s, respectively, 860 mm for an
EV of 25 m/s and 1020 mm for an EV of 29 m/s. Figs. 4-7 also de-
monstrate that the value at the spike of absolute irradiances of hot soot
and hydrocarbon gradually decreased with increasing EV, which
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indicates a gradual decrease in the intensity of bias parallel PC streams
combustion.

Fig. 4 shows that at 220 mm in the initial ignition stage, the abso-
lute irradiances of hot soot at an EV of 16 m/s was higher than those of
hydrocarbon, which means that the ignition of volatile was not domi-
nant, i.e., the char and volatile of bias parallel PC streams ignited
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Fig. 8. Volatile burnout and fixed-carbon burnout at an EV of 16 m/s.

simultaneously [19,33]. Hence, the analysis according to flame spectra
confirms that the bias parallel PC streams at an EV of 16 m/s ignited in
a hetero-homogeneous joint mechanism [3,19,25,33,38], which is
consistent with the findings concluded from the axial differential tem-
peratures. Figs. 5-7 show that at 220 mm in the initial ignition stage,
the absolute irradiances of hot soot at EVs of 20, 25 and 29 m/s, re-
spectively, were no more than the corresponding values of hydro-
carbons, which indicates that the ignition of volatile was dominant, i.e.,
the volatile and char of bias parallel PC streams ignited successively
[19,33]. Therefore, the analysis according to flame spectra confirms
that the bias parallel PC streams at EVs of 20, 25 and 29 m/s ignited
homogenously [3,19,25,33,38], which is also in good agreement with
the findings concluded from the axial differential temperature.
According to the coal combustion residues sampled in the experi-
ments, the volatile burnout and fixed-carbon burnout were used to
demonstrate the ignition mechanism of bias parallel PC streams
[56-59], as shown in Figs. 8 and 9. At EVs of 16 and 20 m/s, the
variation tendencies were similar in that the volatile burnout and fixed-
carbon burnout gradually increased as axial distance increased. How-
ever, it can be found that at an EV of 16 m/s, the fixed-carbon burnout
remained close to volatile burnout prior to 220 mm, demonstrating that
the char and volatile ignited simultaneously [25,56-59]; while at an EV
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Fig. 9. Volatile burnout and fixed-carbon burnout at an EV of 20 m/s.
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Fig. 10. Axial temperatures at different EVs.

of 20 m/s, the volatile burnout was greater than the fixed-carbon, de-
monstrating the ahead ignition of volatile [25,56-59]. The findings
indicate that when the EV of bias parallel PC streams decreased from
20 m/s to 16 m/s, a transition of mechanism from homogeneous to
hetero-homogeneous joint ignition occurred. The ignition mechanism
concluded from the volatile burnout and the fixed carbon burnout, as
well as the flame spectra were in good agreement with that concluded
from the axial differential temperatures.

3.2. Ignition delay distance of bias parallel PC streams at different EVs

Fig. 10 shows the axial temperatures at different EVs for bias par-
allel PC streams. Similar to the axial differential temperatures displayed
above, as the two bias PC streams gradually mixed with the two high-
temperature gases, the axial temperatures dramatically increased in the
axial distance from 180 to 380 mm, which reveals that the two bias PC
streams at different EVs ignited between 180 and 380 mm [25,38].
Furthermore, the increasing rate of axial temperatures was higher at
smaller EV, which was because the parallel PC streams absorbed more
radiation heat from hot surroundings at smaller velocity [16,23,44];
while at higher EVs, although the parallel PC streams absorbed more
convection heat from high-temperature gases, it was extremely limited
owing to the little increase in turbulence intensity, indicating that the
heat transfer of radiation played a more significant role than that of
convection in the initial ignition stage [25].

Fig. 11 shows the visible-light intensities at different EVs for bias
parallel PC streams. It can be found that the peak of visible-light in-
tensity was lower at higher EV, indicating that the flame stability gra-
dually decreased as EV increased [3,25,38]. Fig. 12 shows the ignition
delay distances at different EVs for bias parallel PC streams. Con-
sidering that the maximum axial visible-light intensity might locate
either side of the measuring position where the existing spike of visible-
light was collected, all ignition delay distances are figured with relative
error bars to indicate the uncertainties [3,25,38]. It is seen that the
ignition delay distance gradually increased as EV increased. This is
because as EV increased, the decrement of radiation heat transfer was
greater than the increment of convection heat transfer, which also in-
dicates that the heat transfer of radiation played a more important role
than that of the convection during the initial ignition [25].

3.3. Continuous flame boundaries of bias parallel PC streams at different
EVs

Distributions of radial temperatures at different EVs for bias parallel
PC streams are shown in Figs. 13-16. It can be observed that for the bias
parallel PC streams, the radial temperatures at the —20 and +20 mm
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were first lower than those at the peripheral parts. As axial distance
increased, the radial temperatures in the interior became higher than
those at the two sides, indicating that the bias parallel PC streams ig-
nited at the edges in the upstream due to that the exchange of mass and
heat started at the boundaries, and subsequently spread into the interior
owing to continuous exchange of mass and heat in the downstream
[25,37,38].

Figs. 13-16 show that for the bias parallel PC streams at different
EVs, respectively, the radial temperatures at fuel-rich stream were
higher than those at fuel-lean stream at 220 mm, indicating that the
fuel-rich stream ignited in advance of the fuel-lean stream in the pre-
sent study, which means that the EV from 16 m/s to 29 m/s was able to
benefit the advantages of HBC technique. It can also be found that the
radial temperatures at different EVs gradually increased as axial dis-
tance increased, but the temperatures in the fuel-lean stream became
higher than that in the fuel-rich stream from 700 mm. This is because in
the reducing atmosphere of the BCS with an equivalence ratio of 0.75,
oxygen in the fuel-rich stream was mostly consumed during the initial
ignition stage, which caused the subsequent combustion of the fuel-lean
stream became stronger than that of the fuel-rich stream [25,38]. Be-
sides, at the EVs of 25 and 29 m/s, the radial temperatures in the
central part of bias parallel PC streams became lower than that in the
peripheral part after 860 mm. The reason was that the ignition delay
distances at higher EVs of 25 and 29 m/s were too long, resulting in a
delayed combustion at the center of the bias parallel PC streams.

Table 4 shows the continuous flame delay distances and stable ig-
nition temperatures at different EVs [3,25,38,60]. It can be found that
with an increase in the EV, the continuous flame delay distance gra-
dually increased, and the stable ignition temperature gradually de-
creased, indicating that the flame stability gradually decreased.

Based on the distributions of radial-temperatures and stable-ignition
temperatures, the temperature boundaries of the continuous flame re-
gions were determined in the present study. Fig. 17 shows the con-
tinuous flame boundaries at different EVs for bias parallel PC streams. It
is seen that the continuous flame boundaries at EVs of 20, 25 and 29 m/
s started at 700 mm and that at an EV of 16 m/s started at 540 mm, due
to the fact that the parallel PC streams ignited at an EV of 16 m/s ahead
of that at EVs of 20, 25, and 29 m/s. The continuous flame boundary
became wider with increasing EV, indicating that the flame stability
gradually decreased [25], which is consistent with the previous findings
concluded from the flame spectra. It can also be observed that the
continuous flame boundaries leaned evidently towards the fuel-rich
stream side at different EVs, owing to the ignition of fuel-lean stream in
the present study being worse than that of the fuel-rich stream
[3,25,38].

3.4. NO, formation characteristics of bias parallel PC streams at different
EVs

Fig. 18 shows the carbon burnouts of coal combustion residues of
bias parallel PC streams at EVs of 16 and 20 m/s. The variation ten-
dencies at EVs of 16 and 20 m/s were similar in that the carbon
burnouts gradually increased as axial distance increased. Nonetheless,
the carbon burnout was higher at an EV of 16 m/s than that at an EV of
20 m/s. Hence, the combustion efficiencies of bias parallel PC streams
at different EVs were analyzed by the carbon burnouts of coal com-
bustion residues collected at 380 mm, as shown in Fig. 19. As EV

Table 4

Stable ignition parameters at different EVs.
Item Value
Exit velocity (m/s) 16 20 25 29
Continuous flame delay distance (mm) 470 556 615 680

Stable ignition temperature (°C) 1107 1084 1070 1048
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Fig. 20. Formation concentrations and conversion rates of fuel NO, at different
EVs.

increased, the carbon burnout of coal combustion residues gradually
decreased, indicating that the combustion efficiency gradually de-
creased, which agrees well with the findings concluded from the axial
differential temperatures and flame spectra [3,25,38].

Most of the nitrogen oxides generated during the PC combustion are
fuel NO,. The conversion rate of fuel NO, was calculated using formula
(4), as follows:

0.14 x NO, X V,
T 224XNy

CR
@
where CR (%) is the conversion rate of fuel NO,; NOy (mg/NmS, 0, of
6%) is the NO, concentration at the outlet of main combustion zone; V,
(Nm?3/kg) is the theoretical dry air volume required per kilogram of
coal combustion; N,y (%) is the nitrogen content of coal as air dried
basis [61].

Fig. 20 shows that the formation concentrations and conversion
rates of fuel NO, at different EVs for bias parallel PC streams. As EV
increased, the concentration of generated fuel NO, gradually increased.
Figs. 19 and 20 show that for bias parallel PC streams at different EVs,
the lower the combustion efficiency, the higher the fuel NO, formation.
The main reason was that in an oxygen-deficient atmosphere, if the bias
PC streams burned more intensely in the main combustion zone, more
oxygen would react with the hydrocarbon and fixed-carbon during the
initial ignition stage, which took place in the vicinity of the burner
nozzle. Considering that the equivalence ratio between air and coal in
the BCS was only 0.75 and far less than 1.0, it would be more difficult
for the NO, precursors released from the Indonesian coal to react with
the insufficient oxygen, leading to a lower formation of fuel NO, [62],
which differs from the NO, formation characteristics in the coal com-
bustion in an oxidizing atmosphere [38].

According to the experimental findings in the present study, the
ignition behaviors of bias parallel PC streams were better at EVs of 16
and 20 m/s, which had better combustion efficiency and less NO, for-
mation compared to those at EVs of 25 and 29 m/s. Accordingly, the
recommended range for the EV of the HBC PC burner burning the same
Indonesian coal is 16-20 m/s. Finally, in the first phase of industrial
application, four HBC PC burners with an EV of 18.5 m/s were designed
and applied to one-sixth of the total burners in a tangentially-fired PC
boiler in South Korea. When the boiler was running at the rated elec-
trical load of 500 MWe with twenty burners in service, in contrast to the
original operation condition, the boiler combustion efficiency was
maintained the same as before, but the NO, formation concentration
prior to denitrification device decreased by 11% from 265 mg/Nm?® to
236 mg/Nm>, and the ammonium consumption for the denitrification
decreased by 42 kg/h. Furthermore, in the second phase of industrial
application, at least two fifths of the remaining burners in the
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tangentially-fired PC boiler will be changed to the HBC PC burners
which were all designed based on the experimental findings in the
present study [63].

4. Conclusions

Ignition experiments were carried out in a BCS at a thermal power
of 250-kW. The ignition behaviors of bias parallel PC streams of
Indonesian coal at different EVs in a reducing atmosphere were in-
vestigated based on the flame spectra and other multiple methods. The
major findings are concluded as follows:

As EV increased for the PC streams, the peak value of visible-light
intensity, the combustion efficiency and the flame stability gradually
decreased while the ignition delay distance, the continuous flame
boundary and the formation of fuel NOx gradually increased.
Furthermore, the ignition behaviors became worse as well as the energy
conversion and environmental characteristics became worse.

A transition of ignition mechanism occurred with increasing EV for
the bias parallel PC streams. At an EV of 16 m/s, the bias PC streams
ignited in a hetero-homogeneous joint mechanism. At EVs of 20, 25 and
29 m/s, the bias PC streams ignited in a homogeneous mechanism.

At different EVs, the bias parallel PC streams ignited at the edges in
the upstream and subsequently spread into the interior in the down-
stream. The fuel-rich stream ignited in advance of the fuel-lean stream,
and the continuous flame boundary leaned evidently towards the fuel-
rich stream side. However, in an oxygen-deficient atmosphere, the
subsequent combustion of the fuel-lean stream became stronger than
that of the fuel-rich stream.

According to the experimental findings in the present study, the
recommended range for the EV of the HBC PC burner burning the
Indonesian coal is 16-20 m/s. Four HBC PC burners with an EV of
18.5 m/s were designed and applied to one-sixth of the total burners in
a tangentially-fired PC boiler in South Korea. When the boiler was
running with twenty burners in service at the rated electrical load of
500 MWe, in contrast to the original operation condition, the boiler
combustion efficiency was maintained the same as before, but the NO,
formation concentration prior to denitrification decreased by 11%, and
the ammonium consumption for the denitrification decreased by 42 kg/
h.
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