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ARTICLE INFO ABSTRACT

Keywords: The experiments of the effect of particle size on flameless combustion characteristics and NO, emissions of
Particle size Shenmu semi-coke were launched on a bench-scale coal preheating combustion test rig. The results revealed that
Self-preheating

the difference of fuel particle size greatly influenced the yield of each component in high-temperature coal gas
and the reactive activity of coal char, thus subsequently affecting the final combustion process and NO, emis-
sions. The specific surface area and pore volume of Shenmu semi-coke were both significantly increased after
preheated, leading to a better reactivity and the improved combustion performance, especially when dsg (the
mean particle size) = 163.84 ym, where the temperature of the down-fired combustor reached the highest. The
different particle size of Shenmu semi-coke resulted in different preheating temperature, which further affected
the content of each component in the high-temperature coal gas. During the self-preheating process, most volatile
matter and fuel bound N were separated out and the released N was mainly converted to N and NH3, besides the
conversion rate of each component (C, H, N and V) was the highest when dso = 100.17 um. Additionally, all
experimental conditions achieved flameless combustion, with a transparent combustion area, but no flame front
visible to the naked eye, and the highest combustion efficiency was 98.23% when dsp = 163.84 um with the
brightest flame image. It was discovered in this experimental that there was a critical value (dso = 198.54 pm) of
Shenmu semi-coke particles. When the particle size was lower than or higher than the critical value, NO,
generated by combustion would decrease. The lowest NO, emission was 89.46 mg/m3 (@6% O5) when dsg was
35.34 pm.

Flameless combustion
NO, emissions

1. Introduction

Coal, collectively known as three pillar energy sources with oil and
natural gas in today’s world economy, has played a prominent role in
pushing forward the operation and development of the entire world
economy for a long time [1-3]. In China, the gradient utilization has
been one of the important ways for the clean and efficient use of coal in
the burgeoning coal chemical industry. The power generation by
burning low-volatile fuel such as coal gasification fly ash (CGFA) [4,5]
and semi-coke (by-products of coal pyrolysis) [6,7] as high-grade clean
fuel is an important component to realize the clean and efficient gradient
utilization of coal. Due to the large energy demand and long time for
combustion of low-volatile fuel, the stability of combustion must be
taken into consideration [8-12]. By virtue of the large number of

regenerative bed materials, the combustion stability of circulating flu-
idized bed (CFB) is excellent and low-volatile fuel can be available for
combustion. Ren [13] realized the stable combustion of ultra-fine gasi-
fied carbon residue (Vgar < 2%) on a pilot CFB test stand, with NO,
emissions ranging from 200 mg/m® to 300 mg/m® (@6% O,). And the
calculated combustion efficiency (1) can be up to 98%. In the literature
[14-16], controlling the amount of air in CFB and adding air to the
outlet of cyclone separator for supplementary after-burning can also
effectively reduce NO, emissions during the combustion of low-volatile
fuel. The operation results reveal that stable combustion of Shenmu
semi-coke can be realized, moreover, NO, emissions were controlled
within 100 mg/m?® (@6% Oy).

To solve the problems in the combustion process of low-volatile fuel
and meet the strict environmental protection requirements, great efforts
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should be made to find out the effective combustion technology for de-
NO,. Flameless combustion [17-23] is a new sort of combustion tech-
nology that sprung up in the past three decades, featuring uniform
temperature distribution in the combustion zone, low peak temperature,
high combustion efficiency (i), and low-NO, emissions, besides no
apparent flame front occurs in the combustion process. Due to its po-
tential on NO, reduction, an increasing number of researchers started to
pay close attention to flameless combustion technology, which is known
as the most promising combustion technology in the 21st century
[20,22].

With the original creativity, coal self-preheating combustion tech-
nology proposed by the institute of Engineering Thermophysics, Chinese
Academy of Sciences, is also a highly efficient and clean combustion
technology that has been applied in many projects [24]. The high-
temperature coal gas and coal char produced by a self-preheating
burner have good combustion characteristics, which makes fuel strip-
ped of nitrogen early. Combined with coal self-preheating combustion
technology that owns distinct characteristic and evident advantage, the
stable and high effective combustion and low/ultra-low NO, emissions
of various fuels can be easier achieved. Previous researches have proved
its potential on NO, reduction for anthracite, semi-coke and coal gasi-
fication fly ash in a bench-scale apparatus [25-28] and a pilot-scale
apparatus [29,30].

The combustion characteristics of pulverized coal are closely related
to coal quality, reaction atmosphere and particle size. Among them,
particle size is the most basic and important parameter in the physical
structure of pulverized coal. Due to the difference of fuel particle size,
the reactivity of fuel itself, the residence time in the reactor, and the
combustion temperature will all be different, which greatly influences
the final combustion process and NO, emissions [31-33]. In this study,
six kinds of Shenmu semi-coke (quenching after the pyrolysis of Shenmu
bituminous coal) with different particle size were used as fuel to conduct
relevant exploratory experiments. Under the conditions of Shenmu
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semi-coke with different particle size, the behavior characteristics of
combustion in the entire process and pollutant formation regularity
were discussed.

2. Experimental
2.1. Testrig

A 30 kW pulverized coal flameless combustion experiment rig was
designed, composed of a self-preheating burner, a down-fired combustor
(DFC) and other auxiliary systems. The Schematic diagram of the self-
preheating burner and the DFC are both shown in Fig. 1.

The self-preheating burner was designed based on a CFB prototype,
made of heat resistant steel, and composed of a riser, a cyclone sepa-
rator, a loop seal recovery device and other components. The primary air
was supplied from the bottom of the riser which had an inner diameter
of 90 mm and a height of 1500 mm, with a volume about 20%-40% of
the theoretical air volume. The fuel entered the self-preheating burner
quickly ignited and partially burned under the action of high-
temperature bed material, heating itself to above 800 °C. After pulver-
ized coal passed through the self-preheating burner, high-temperature
coal gas and coal char (collectively referred to as preheated fuel) were
generated and subsequently entered the DFC from the cyclone separator.

The DFC had an inner diameter of 300 mm and a height of 3500 mm,
with a preheated fuel nozzle and a secondary air nozzle set on the top. A
multi-channel coaxial jet nozzle as shown in Fig. 2 was used in this
experiment. Discharged from the center cylinder of the cyclone sepa-
rator, the preheated fuel was then injected into the DFC. The inner and
outer secondary air channel were respectively set on the middle layer
and the outermost layer. Additionally, there were three layers of tertiary
air nozzles at the position of 500 mm, 1000 mm and 1500 mm below the
top of the DFC with separate valve and flow meter on each layer, which
could be controlled according to the experimental conditions. The
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Fig. 1. The Schematic diagram of the self-preheating burner and the down-fired combustor (DFC) in 30 kW pulverized coal flameless combustion system.
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Fig. 2. Schematic diagram of the secondary air nozzle.

schematic diagram of the tertiary air nozzle is shown in Fig. 3.

Six layers of fire-observation windows were set on the side wall of the
DFC. Among them, the top two layers were designed with a 15 x 150
mm square structure, and the other four layers were designed in circular
structures with an inner diameter of 63 mm. A small amount of com-
pressed air was introduced into these fire-observation windows, facili-
tating to purge the dust stratification. During this experiment, the total
amount of this part of compressed air was extremely small, so its impact
on combustion was ignored in this paper. A Ganon G7X digital camera
(Canon Inc., Japan) was used to capture the combustion image along the
DFC, with camera parameters uniformly adjusted to aperture F4, shutter
speed at 1/1000 s, and ISO 1000.

The temperature measurement point distribution is shown in
Table 1. The self-preheating burner was equipped with 5 K-type ther-
mocouples, located at the bottom, middle and top of the riser, as well as
the back-feeder and the outlet of cyclone separator. Ten S-type ther-
mocouples were arranged down from the preheated fuel nozzle along
the centerline of the DFC. Sampling apertures were set at the outlet of
the self-preheating burner and at the position of 150 mm, 400 mm, 900
mm, 1400 mm, 2400 mm, and 3400 mm respectively from the top of the
DFC to collect solid and gas samples for analysis. A testo-350 flue gas
analyzer (Testo AG, Germany, instrument error < + 5%) and a zirconia
oxygen analyzer were used to measure the oxygen content at the tail of
the test system online in order to calculate the equivalence ratio. The fly
ash was sampled at the outlet of the flue gas cooler to analyze the carbon
content and calculate the combustion efficiency (). Each case of the
experiment conducted in the paper has been running steadily for about
2 h. The temperature fluctuation of each measuring point of the system
was controlled within + 4 °C during the sampling process.

2.2. Fuel characteristics

The fuel used in the experiments was semi-coke which was the
byproduct from the pyrolysis of Shenmu bituminous coal, and its
properties (proximate and ultimate analysis) are listed in Table 2. In

The down-fired combustor (DFC) The tertiary air

Fig. 3. Schematic diagram of the tertiary air nozzle.

order to study the influence of different particle size on the preheating
and combustion behavior of the fuel, the sieves with four different pore
size of 0.1 mm, 0.18 mm, 0.355 mm and 0.5 mm were selected to screen
the semi-coke particles before the experiment. Three kinds of Shenmu
semi-coke were separated by narrow screens with 0-0.1 mm, 0.1-0.18
mm and 0.18-0.355 mm, while the other three sizes were in a wide
sieve: 0-0.18 mm, 0-0.355 mm and 0-0.5 mm. A Mastersizer 2000 laser
analyzer was adopted for particle size distribution of Shenmu semi-coke
analysis, with 50% cut size (dsp) of 35.34 pm, 100.17 pm, 198.54 pm,
45.72 pm, 163.84 pm and 395.63 pm, respectively.

2.3. Experimental conditions

Experimental conditions are listed in Table 3. Except for the differ-
ence in fuel particle size, other operating conditions remained un-
changed during the experiment. The tertiary air was introduced from
1000 mm below the top of the DFC. In the table, 4,, 42, 43 and 4 are
respectively denoted as the ratio of the primary air flow rate, the sec-
ondary air flow rate, the tertiary air flow rate and the total air flow rate
to the theoretical combustion air. Two groups of experiments were
conducted: the first group (C1-C3) with narrow particle size distribution
and the other group (C4-C6) with wide particle size distribution. The
thermal load of the test bench was set at about 39 kW. The fuel feed rate
was kept constant at 5.20 kg/h and the oxygen concentration at the end
of the test system remains within the range of 2.5% ~ 3%.

3. Results and discussion
3.1. The operation characteristics of the self-preheating burner

Fig. 4 shows the temperature profiles of the self-preheating burner
with different particle size. It could be seen from the figure that the bulk
combustion temperature in the self-preheating burner was the highest
when the mean particle size (dsp) was 163.84 um, followed by 35.34 pm,
while the preheating temperature of Shenmu semi-coke with dsg =
395.63 pm, was the lowest. This difference was relevant to the separa-
tion performance of the cyclone separator and the reaction rate of fuel.
When the particle size of Shenmu semi-coke was minor and less than
163.84 um, the separate effect of the cyclone separator would be
weakened, and most Shenmu semi-coke passed through the self-
preheating burner just for once, leading to a reduction of the combus-
tion share of the Shenmu semi-coke and a decline in the amount of heat
released by combustion; When the particle size was too large, especially
at dsp = 395.63 pm, the specific surface area became smaller, resulting
in the slowness of the devolatilization process and heat transfer process.
Then the reaction rate was significantly reduced, and the time required
to reach equilibrium was extended [34]. Therefore, under the same fuel
feed rate condition, the temperature in C5 reached the highest. Addi-
tionally, the self-preheating burner operated intensely stably in each
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Table 1
Temperature measurement point distribution.
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Self-preheating burner

Thermocouple T, Ty T3 Ty Ts
Distance From the bottom 100 mm 500 mm 1450 mm Loop seal outlet
Down-fired combustor
Thermocouple Te T, Tg To Tio T Tio Ti3 Tis Tis
Distance from the top (mm) 100 250 400 600 800 1200 1600 2100 2600 3200
particle size between Shenmu semi-coke and coal char became smaller if
Table 2 . . Shenmu semi-coke particle size was smaller.
The properties of Shenmu semi-coke.
Items Data
Ultimate analysis (wt. %, air dry) 3.3. Particle structure and characteristics of the coal char
Carbon (Caq) 77.60
ydrogen (Hag . e gas adsorption method, wi 5 as the adsorptive a , was
Hydrogen (Ha) 1.24 The gas adsorpt thod, with N, as the adsorptive at 77 K
g?(ygen (O;;i) 3-;2 applied to analyze the pore structure of Shenmu semi-coke and coal
Slﬁ:ﬁfig () ) 0.36 char. The Micromeritics ASAP 2460 Surface Area and Porosimetry
ad. . . g .
Proximate analysis (wt. %, air dry) Analyzer (U. S.) was used. The specific surface area was determined by
Moisture (Maq) 6.64 the Brunauer Emmett Teller (BET) theory [36], and the pore size dis-
Ash (Aad) 9.06 tribution, calculated by The Barrett Joyner Halenda (BJH) theory [37],
Volatile matter (Vaq) 8.45 was also provided. Fig. 6 shows the changes in specific surface area of
Fixed carbon (FC,q) 75.85 Sh i-cok ith diff icle si After Sh i-cok
Low heating value (MJ/kg) 27.03 enmu semi-coke with different particle size. After Shenmu semi-coke

case of the experiment, with the highest temperature in dense phase
zone (T2) and the lowest temperature at the bottom of the riser (T1).

3.2. Particle size distribution of the coal char

The particle size was analyzed after collecting coal char at the outlet
of the self-preheating burner. Fig. 5 shows the particle size distribution
of coal char with different particle size. The hollow symbol represents
Shenmu semi-coke and the solid symbol stands for coal char. It was
speculated that the smaller particles were directly consumed by thermal
decomposition while the larger particles were burned and broken in the
self-preheating burner, resulting in the highest proportion of the
medium-size particles. After being preheated by the self-preheating
burner, the particle size range of the coal char was almost in the range
of 0-100 pm. Compared with Shenmu-semi-coke, the particle size of coal
char was significantly decreased, leading to a better reactivity and the
improved combustion performance [35]. Furthermore, the difference of

was preheated by the self-preheating burner, the specific surface area
was significantly increased. The surface became rough with a well-
developed pore structure, leading to the improvement of physical
structure of the high-temperature preheated fuel particles, which was
consistent with Ouyang’s results [25,35]. When ds5p = 163.84 um
(Fig. 4), the specific area of Shenmu semi-coke increased significantly
the most, from the original 3.18 m?/g to 166.95 m?/g. Additionally, it
can also be seen from the figure that the effect of physical action
(grinding) on the specific area of Shenmu semi-coke was far less than
that of chemical action (pyrolysis/ gasification).

Fig. 7 shows the changes in average pore diameter of Shenmu semi-
coke with different particle size. Different from the changes in specific
surface area, the average pore diameter of coal char was reduced in
comparison with Shenmu semi-coke, and the regularity of changes in
average pore diameter became more obvious that the degree of decline
became smaller and smaller with the increase in Shenmu semi-coke
particle size. When dsg = 35.34 pm, the difference was the maximum
(6.68 nm); When dso = 395.63 um, the difference was the minimum
(0.68 nm). Howard and Essenhigh [38] pointed out that the particles

Table 3

Experimental conditions.
Items Unit C1 c2 C3 C4 C5 C6
Size distribution - Narrow Wide
Particle size mm 0-0.1 0.1-0.18 0.18-0.355 0-0.18 0-0.355 0-0.5
dso pm 35.34 100.17 198.54 45.72 163.84 395.63
Thermal load kw 39.04 39.04 39.04 39.04 39.04 39.04
Fuel feed rate kg/h 5.20 5.20 5.20 5.20 5.20 5.20
M; Nm®/h 12.37 12.37 12.37 12.37 12.37 12.37
Ap - 0.33 0.33 0.33 0.33 0.33 0.33
My Nm®/h 10.29 10.29 10.29 10.29 10.29 10.29
Moo Nm®/h 9.66 9.66 9.66 9.66 9.66 9.66
Ao - 0.53 0.53 0.53 0.53 0.53 0.53
M3 Nm®/h 10.80 10.80 10.80 10.80 10.80 10.80
A3 - 0.29 0.29 0.29 0.29 0.29 0.29
M Nm®/h 43.12 43.12 43.12 43.12 43.12 43.12
A - 1.15 1.15 1.15 1.15 1.15 1.15

Notes:

M;-Primary air flow (m3/h)

My, -Inner secondary air flow (m3/h)
M,,-External secondary air flow (m3/h)
Mj;-Tertiary air flow (m3/h)

M-Total combustion air flow (m3/h)
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Fig. 4. Temperature profiles of the self-preheating burner with different par-
ticle size.

would soften into spheres and expand into porous forms in the course of
pulverized coal combustion, and different types of fuel would lead to
different variations of pore structure in devolatilization process. What’s
more, the average pore diameter of fuel preheated in the self-preheating
burner became more complex than conventional combustion. For
Shenmu semi-coke, the strong thermal shock in the self-preheating
burner obviously influenced its particle breakage, resulting in the
changes of the internal pore structure. In this study, the average pore
diameter decreased after Shenmu semi-coke was preheated by the self-
preheating burner, indicating that there were more of the larger pore
disappearing, which was unfavorable to improve the combustion char-
acteristics of coal char. However, the degree of decline in average pore
diameter was much more minor than that of increase in specific surface
area.

Fig. 8 shows the changes in total pore volume of Shenmu semi-coke
with different particle size. Besides the specific surface area, the pore
volume of coal char also increased obviously in comparison with
Shenmu semi-coke after being preheated. For the reason that most
volatiles were precipitated in the preheating process of Shenmu semi-
coke, leading to the formation of a large number of new pores inside
and on the surface of the coal char particles, thus the pore structure
became developed, making the total pore volume of the particle larger,
which was conducive to the contact and combination of coal char and O,

[
100 | d5y=35.34 um
—=&— Coal char
—0— Shenmu semi-coke
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Fig. 7. Changes in average pore diameter of Shenmu semi-coke and the high-
temperature coal char in C1-C6.
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Fig. 5. Particle size distribution of Shenmu semi-coke and coal char with different particle size.
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Fig. 8. Changes in total pore volume of Shenmu semi-coke and the high-
temperature coal char in C1-C6.

in the subsequent combustion process. The pore volume of coal char
increased at the beginning and subsequently decreased with the
augment of the particle size of Shenmu semi-coke, and reached its
maximum value at dsp = 163.84 um. It could be speculated that Shenmu
semi-coke with different particle size might result in different action of
thermal stress and friction in the process of preheating [35], thus
bringing about the difference of total pore volume of coal char.
Therefore, the comprehensive comparison of the above various
physical indicators of high-temperature coal char showed that pre-
heating played an important role in improving the physical structure of
Shenmu semi-coke. The physical index of the high-temperature coal
char had the best improvement effect when dsg was 163.84 um (0-0.355
mm), suggesting that the combustion effect of such coal char after
entering the DFC from the cyclone separator could reach optimal

Fuel 297 (2021) 120758

efficiency.

3.4. Discussion about preheating characteristics in the preheating burner

The gas at the outlet of the self-preheating burner was collected by an
air bag to analyze its composition with an Agilent 3000A Micro GC (the
sensitivity was less than 10-20 ppm and the instrument error was
within + 2%) equipped with a thermal conductivity detector. Fig. 9
shows the coal gas compositions of Shenmu semi-coke with different
particle size (dry basis). The highest composition in the high-
temperature coal gas was Ny (all above 70%), implying that more fuel
bound N could be better released from volatile matter and converted
into N> in the self-preheating burner [7,25]. The content of Hy and CHy4
were the highest when dsg = 163.84 um, nevertheless CO reached the
lowest (Fig. 9d). But when dsg = 395.63 um, the high-temperature coal
gas composition (Hp, CH4 and CO) was just the opposite (Fig. 9f). In
combination with Fig. 4, the combustion temperature in the self-
preheating burner reached the highest value at dsy = 163.84 pm and
the lowest value at dsg = 395.63 pm, suggesting that with the increase of
the preheating temperature, the yield of Hy beefed up, while the yield of
CO was just the opposite. For the trigger that when the combustion
temperature increased, in comparison to the Boudouard reaction (C +
CO2 = 2CO), the water—gas shift reaction (CO + HoO = COy + Hj)
dominated, leading to the generation of Hy and consumption of CO [39].

In addition to the main components of coal gas, other trace gases
(ppm level) were also measured in this experiment. Made free of in-
terferences from any other gas, the concentrations of NH3 and HCN were
measured by DOAS and LasIR™ Gas Analyzer (Unisearch Associates Inc)
since the spectral purity was high and the selected absorption feature
was unique. And NO, NO;, and O5 were detected by KM9106 portable
flue gas analyzer. The test results are shown in Fig. 10. The results
revealed that NO, NO, and O were not detected in the coal gas, indi-
cating that the coal gas was in strong reduction and had a good inhibi-
tory effect on the generation of NO, [7]. In terms of nitrogenous gas, the
concentration of NH3 was second only to N», and the yield increased first
and then decreased with the augment of the particle size of Shenmu

Volume fraction Volume fraction Volume fraction
o o N,
o, o, o,
= = =
H, H, 13.47% H,
1D B, 1
75.82% 76.05% S01% 74.24%
3.82%
(a).ds¢=35.34 ym (b).dsy=45.72um (¢).ds¢=100.17um
Volume fraction Volume fraction Volume fraction
o . N,
CJco, CJco, CJco,
= = =
s H, 14.73% H, 13.86%
I cH, I cH, [ cH,
75.75% 75.69% 6.15% 75.82% 7.14%
1.92% 1.83%
151% 1.35%
(d).d5=163.84pm (€).d5=198.54um ().d5=395.63um

Fig. 9. Coal gas compositions of Shenmu semi-coke with different particle size (dry basis).
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semi-coke, reaching the maximum at dsg = 163.84 pm. The yield of HCN
decreased with the increase of the particle size of Shenmu semi-coke, but
the content was so minor that it could be negligible. This meant in terms
of nitrogenous gas, only NHs was sent into the DFC for continued
combustion and became one of the major precursor of NO, (N, did not
participate with reactions). Therefore, it could be concluded that most of
the released fuel bound N was converted into Ny and NH3, which was
advantageous to control the overall NO, emissions of the system.

Table 4 shows the proximate and ultimate analysis of coal char of
Shenmu semi-coke with different particle size. The conversion rate of a
substance was defined as the ratio of the total amount of a component
released into the flue gas to the total amount of that component in
Shenmu semi-coke. Hence the ash balance hypothesis was obtained: 1)
The ash in the fuel did not participate in the reaction during the com-
bustion process; 2) No new ash content was generated during the com-
bustion process, that was, ash content kept unchanged in the course of
the entire process. The conversion rate calculation formula was as fol-
lows [40]:

(€Y

where A; and A; are respectively the ash content of Shenmu semi-coke
and the coal char (%), X; and X, represent the content of element or
component x of Shenmu semi-coke and coal char (%), respectively.

Based on ash balance hypothesis, the conversion rate of each
component in Shenmu semi-coke can be calculated, and the results are
shown in Fig. 11. When dsg = 100.17 pm, the conversion rate of each
component (C, H, N and V) was the highest during the self-preheating
combustion process, all exceeding 70%. While the lowest conversion
rate of each component was reached at dsp = 395.63 um. When dsg =
100.17 pm, the fuel bound N and volatile matter were released in almost
equal proportion, while the conversion rate of fuel bound N in the other
five types of Shenmu semi-coke particles were obviously lower than that
of volatile matter, especially at dsop = 395.63 pm and dso = 198.54 pm,
suggesting that the high-temperature coal char of Shenmu semi-coke
particles still had nearly half of the fuel bound N remained, which
would be the main source of NO, in the subsequent combustion. On the
whole, as increasing dsg, the conversion rate of each component
increased at the early stage and then decreased. When ds( increased
from 35.34 pm to 100.17 pm, the conversion rate of each component
increased, but the increment was not obvious enough; When further
increased to 395.63 pm, the conversion rate of each component
decreased significantly.
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Fig. 10. O, and other nitrogenous gas concentrations in the high-temperature
coal gas.
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Table 4
Proximate and ultimate analysis of the coal char for Shenmu semi-coke with
different particle size.

Items C1 Cc2 C3 C4 C5 C6
dso (pm) 35.34 100.17 198.54 45.72 163.84 395.63
Ultimate analysis (wt.

%, air dry)
Carbon (Caa) 70.94 64.48 74.86  62.43 66.84 75.89
Hydrogen (Haq) 1.11 0.95 1.49 0.98 1.17 1.52
Oxygen (0aq) 1.47 1.05 1.89 1.37 1.66 1.93
Nitrogen (N,q) 1.01 0.67 0.99 0.70 0.78 1.02
Sulfur (S,q) 0.51 0.50 0.56 0.55 0.56 0.51
Proximate analysis

(wt. %, air dry)
Moisture (Maq) 1.47 1.12 1.60 1.88 1.44 1.62
Ash (Aad) 23.49 31.23 18.61  21.33 20.46 18.75
Volatile matter (Vaq) 7.97 6.65 7.28 5.84 6.27 7.62

Fixed carbon (FC,q) 67.07 61.02 72.51  70.95 71.83 71.25

395.63

163.84

dsq (pm)

100.17

45.72

35.34

40

Convertion rate (%)

Fig. 11. Conversion rates of the components of coal char for Shenmu semi-coke
with different particle size.

3.5. Combustion characteristics of the high-temperature preheated fuel

Fig. 12 shows the temperature profiles of the DFC for Shenmu semi-
coke with different particle size. Under different conditions, the curves
have basically the same variation trend: reduce first and then ascend, all
reaching the peak value at 800 mm and gradually attenuating and
approximating straight lines below 1200 mm. Except for dso = 163.84
pm, the overall combustion temperature gradually decreased with the
increase of Shenmu semi-coke particle size. The sums of combustible gas
components in the high-temperature coal gas were similar in different
cases (Fig. 9), therefore the temperature of the area below the preheated
fuel nozzle exit differed little. However, the high-temperature coal char
had longer combustion process and slower combustion rate. For dsg =
163.84 pm particle, the specific surface area and pore volume of coal
char were both the largest (Figs. 6 and 8), thus the preheated coal char
could be well mixed with the combustion air after entering the DFC,
leading to the highest combustion temperature. Additionally, when dsg
= 35.34 pm, the coal char had the smallest particle size and the second
highest specific surface area (Figs. 5 and 6), thus the combustion tem-
perature was second only to that of dsg = 163.84 um. While the coal char
had the largest particle size and the smallest specific surface area when
dso = 395.63 pm, resulting in the lowest combustion temperature and
the slowest reaction rate. For these six cases, the maximum temperature
in the DFC was all lower than 1100 °C, indicating that the output of
thermal NO, was extremely low that could be almost negligible, hence
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Fig. 12. Temperature profiles of the DFC for Shenmu semi-coke with different particle size.

the NO, generated in this experimental study was mainly fuel NO,.
Fig. 13 shows the flame images along the DFC of Shenmu coke with
different particle size. In general, the brightness of the image at the same
location was proportional to the combustion temperature. As can be
seen, except for dsg = 163.84 pm, the brightness of the entire combus-
tion zone became increasingly dimmed with the increase of Shenmu
semi-coke particle size, relatively consistent with the temperature dis-
tribution trend of the DFC (Fig. 12). Especially when dsp = 395.63 pm,
through fire-observation windows, the top area of the DFC was almost
vague and even invisible, but some bright spots (traces of small solid
particles burning) scattered in the middle combustion area. Although
the temperature at the top of the DFC was all above 900 °C, the flame
images basically appeared as dark color with lower brightness. The
possible reason was the recirculation and backflow of the high-
temperature coal gas which mainly burnt at the top of the DFC while
the downstream was mainly for the combustion of coal char. Their in-
tensity of visible light emitted during combustion progress were
different. It was seen that the combustion area was transparent and no
visible front flame existed, additionally, the nozzle and some thermo-
couples could be clearly observed. Combined with the temperature
profiles of the DFC (Fig. 12), it could be judged that all cases had ach-
ieved flameless combustion (a phenomenon, not a specific combustion
technology, but a consequence of the way combustion was organized).
The fly ash at the outlet of the flue gas cooler in different cases was all
collected. According to the literature [40], combustion efficiency (1),
which was defined as the ratio of heat released by the incomplete
combustion of fuel to heat released by complete combustion of fuel,
were computed in accordance with the detailed equations (7) to (9).
Fig. 14 shows combustion efficiencies (1) of Shenmu coke with different
particle size. When dso = 163.84 pm, the specific surface area and pore
volume of coal char were the largest (Figs. 6 and 8), resulting in an
optimal mixture of coal char and combustion air. Therefore the highest 5

(98.23%) was reached at this point, with the brightest flame image
(Fig. 13) and highest temperature (Fig. 12). Except for dsg = 198.54 um
and 395.63 pm, the other n were all exceeding 96%, which meant and
proved that too large fuel particle size would lead to the deteriorated
combustion, significantly reducing the combustion efficiency.

3.6. Flue gas analysis

A Fourier infrared gas analyzer (Gasmet Technologies Oy, Finland,
instrument error < + 2%) was used to measure the compositions of the
flue gas along the axis of the DFC online. Fig. 15 shows CO2, O3 and CO
concentration along the DFC. Evenly distributed with a peak value less
than 6%, the concentration of O, increased at first, and then begun to
descend (Fig. 15b), while the concentration of COy tended to the
opposite direction of O, concentration (Fig. 15a). Low O2 concentration
in the combustion zone is beneficial to inhibit the generation of NO,.
The lowest concentration of COy occured at 900 mm. In the high-
temperature coal gas, the concentrations of CO; were all less than
15% (Fig. 9), but the CO5 concentration near the preheated fuel nozzle
exit was significantly higher than this value. Therefore, it could be
inferred that the high concentration of CO, here was supposed to be
caused by the rapid ignition of coal gas (especially CO) and flue gas
recirculation after the preheated fuel left the self-preheating burner and
entered the DFC that had higher temperature. After the gradual mixing
of preheated fuel and combustion air, the subsequent decrease of CO5
concentration was due to the dilution of gas concentration because of
the dispersion of combustion reaction in a large space. Due to the
introduced tertiary air, more CO was oxidized by O, resulting in the
increase of CO, concentration below 900 mm. What’s more, the oxygen
concentration fluctuates slightly below 1500 mm and the combustion
area continues to expand, helping to make the temperature in the
combustion area more uniform and reduce the peak temperature. The
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preheated and passed through the self-preheating burner, CO was
generated and subsequently entered the DFC from the cyclone separator.
As can be seen from Fig. 15c¢, the initial concentration and the decline
range of CO increased with dso. In the 0 ~ 900 mm area, the concen-
tration of CO at the first measurement point was higher, and then
quickly consumed to a lower level from more than 5% to 0.5% or even
less, which implied that the main combustion zone of CO was range from
0 mm to 900 mm, because CO and the secondary air met each other and
reacted with O3 to produce more CO,. Unlike the coal char, the coal gas
first ignited and burned rapidly in a narrow combustion zone, while coal
char diffused into a large space and burned slowly. It could be concluded
that the high-temperature coal gas was almost exhausted before the
tertiary air was introduced, and the area below the tertiary air nozzle
was the burn-out zone of the remaining char. The rate of CO produced by
coal char combustion was slightly lower than that of CO consumption in
coal gas, making CO concentration decreased gradually.

Fig. 16 shows concentrations of various gases containing nitrogen
along the DFC of Shenmu semi-coke with different particle size. HCN is
an unstable component that can be further oxidized at high temperature.
Miller and Bowman [41] considered the reaction mechanism of HCN
converting to NO and N through the calculation of reaction kinetics
model and the comparison of experimental results. In this study, the
combustion temperature in the DFC was high and the fuel was dispersed
in a large reducing atmosphere, giving rise to the diffuse distribution
and low concentration of oxygen, thus HCN was more likely to be
directly converted into Ny [42].
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Fig. 16. Concentrations of various gases containing nitrogen along the DFC of
Shenmu semi-coke with different particle size.
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Widely used in power plants to reduce NO, emissions, NHg, on the
other hand, was a good NO, inhibitor. In the reducing atmosphere,
injecting NHgs into the flue gas was an effective way to reduce NO,
emissions. By comparing Fig. 16a and b, the concentration of NHjs
changed at a faster rate than that of HCN, indicating that NH3 had a
better reactivity. When dso = 163.84 pm, NH3 concentration reached the
highest due to the maximum content in the coal gas (Fig. 10). In each
case, the curves of NH3 and HCN concentration all dropped sharply to
nearly zero in the low-oxygen DFC where NH3 had certain reducing
property, which could promote NO, reduction to Ny. The main reduction
reaction [43] involved was:

NH;+H=NH,+H, (R1)

NH,+NO=N,+H,0 (R2)

NO; was one of a highly reactive gas known as oxides of nitrogen
(NO,). It began to decompose when the temperature was higher than
150 °C, and almost completely decomposed to NO and O, when the
temperature reached 650 °C. As a consequence, under the high-
temperature condition of the DFC, NO; concentration measured at
each measurement point was relatively low and NO, in the DFC was
mainly presented in the form of NO. In Courtemanche’ s research [44],
NO;, emission was found in the post-flame oxidation zone, often
accompanied by the conversion to NO. The main generation and con-
sumption reactions for NO, were as follows:

NO + HO, = NO, + OH (R3)
0+ NO, =NO + 0, (R4)
H 4+ NO, = NO + OH (R5)

NO was rapidly generated after the preheated fuel was mixed well
with the secondary air. The changing trends of NO at different Shenmu
semi-coke particle size were basically consistent: 1) The generated NO
concentration decreased rapidly within the range of 150 mm to 400 mm;
2) But in the range of 400 mm to 900 mm, the generated NO concen-
tration increased slightly; 3) Below 900 mm of the DFC, the concen-
tration of NO turned to a decline again but slowly. The rapid decrease of
NO concentration at the beginning was contributed to the reducing coal
gas and coal char. Additionally, the subsequent increase of NO con-
centration was caused by the oxidation of nitrogen-containing sub-
stances due to the introduction of tertiary air. Below 900 mm of the DFC,
the slow decline of NO concentration should be the consequence of the
reduction of solid char as coal gas had been basically consumed.
Therefore, in the combustion process of the DFC, the char exerted a
decisive part in NO reduction due to the longer reduction time of the
char to NO than the homogeneous reduction time between gases.

Fig. 17 shows NO, and CO emissions of Shenmu semi-coke with
different particle size. All data have been converted to the standard
value at 6% oxygen concentration (@6% O-). In Glarborg’ s reaesrch
[45], CO in the pure gaseous state was very difficult to react with NO.
Additionally, Hy and CO had no effect on NO reduction under 1400 K,
but CO could be used as catalyst to promote the NO-char reaction. The
reaction between CO and NO was primarily concentrated at the top of
the DFC, while the reaction between coal char particles and NO was
mainly in the middle and lower part (Fig. 15). In Fig. 17, the relationship
between CO and NO became not particularly obvious, because NO, and
CO emissions have been relatively low under all cases, indicating that
the preheating combustion technology could combined with particle
modification, combustion control and fractional combustion technol-
ogy, so as to achieve the organic integration of high efficiency com-
bustion and low NO, emissions. The exit NO, emission was minimized at
dsp = 35.34 pm (89.46 mg/m3) and maximized at dsp = 198.54 ym
(148.53 mg/m3). As for the effect of particle size on NO, formation
during combustion, some previous studies [31,46-51] have also been
carried out. On a small text rig, Okazaki [46] and Kramlich [47] found
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Fig. 17. NO, and CO emissions of Shenmu semi-coke with different parti-
cle size.

that the smaller the pulverized coal size was, the higher the NO, pro-
duced by combustion would be. In Smoot’s research [48], pulverized
coal size had a significant effect on combustion efficiency but little effect
on NO, emissions. Ref. [31] refered that when air staging was not
adopted, NO, emissions concentration increased linearly with the
decrease of pulverized coal particles, nevertheless, after using air staging
combustion, NO, emissions concentration could be hardly influenced.
Some researchers [46,49,50] held that finer fuel particles would pro-
duce more NO, in the course of their combustion process due to their fast
devolatilization and ignition, however, Kamal et al [51]. drew an exact
opposite conclusion through their research. Therefore, from the basis of
current studies, no unified conclusion about the effect of fuel with
different particle size on NO, emission has been reached on. It was
discovered in this experimental that there was a critical value (dsg =
198.54 pm) of Shenmu semi-coke particles. When the particle size was
lower than or higher than the critical value, NO, generated by com-
bustion would decrease, which accorded closely with Abbas’s results
[33]. Virtually, the influencing factors of NO, emissions are various and
complex, including the reactivity of fuel itself, the residence time in the
reduction zone of reactor, the combustion temperature and the degree of
blending of the reactants. The combustion characteristic and the reac-
tivity of fuel were converted by altering the particle size, which indi-
rectly influenced NO, emissions. But provided that other methods were
used at the same time, such as air staging combustion and self-
preheating combustion technology, the effect of fuel particle size on
NO, emissions might be weakened otherwise show the opposite trend.

In a word, to minimize the NO, emissions, the fuel particle size is set
to ensure that the high temperature coal char has a high reactive activity
and a improved combustion performance under the premise of reason-
able air distribution. As shown above, case 1 provides with the optimal
design conditions while considering both the combustion efficiency and
the NO, emissions, for the NO, emissions are the least and the efficiency
is higher than 97%.

4. Conclusions

Experimental researches were carried out on a bench-scale coal self-
preheating combustion test apparatus, and six different particle sizes of
Shenmu semi-coke (quenching after the pyrolysis of shenmu bituminous
coal) were used as fuel to conduct relevant exploratory experiments. The
difference of fuel particle size greatly affected the yield of each
component in high-temperature coal gas, and the reactive activity of
coal char, thus subsequently influenced the final combustion process
and NO, emissions. The behavior characteristics of combustion (self-
preheating and flameless) in the entire process and pollutant formation
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regularity were discussed in detailed. The relevant results are summa-
rized as:

After being preheated in the self-preheating burner, the particle size
range of coal char in the six cases were all significantly decreased, be-
sides the specific surface area and pore volume of Shenmu semi-coke
were both significantly increased, especially at dsop = 163.84 pm, lead-
ing to the better reactivity and the improved combustion performance.
The difference of particle size between Shenmu semi-coke and coal char
became smaller if the particle size of Shenmu semi-coke was smaller.

The bulk preheating temperature of medium-size particles were
higher, which was relevant to the separation performance of the cyclone
separator and the reaction rate of fuel. If the particle size of Shenmu
semi-coke was minor, the separate effect of the cyclone separator would
be weakened, leading to a reduction of the combustion share and a
decline in the amount of heat released by combustion. If the particle size
was too large, the specific surface area became smaller, resulting in the
slowness of the devolatilization process and heat transfer process. Then
the reaction rate was significantly reduced, and the time required to
reach equilibrium was extended.

Fuel with different particle size would lead to the difference of coal
gas compositions. Most volatile matter and fuel bound N were separated
out in the process of preheating, and the released N was mainly con-
verted to Ny and NH;s due to the strong reduction in the self-preheating
burner. The different particle size of Shenmu semi-coke resulted in
different preheating temperature, which further affected the content of
each component in the high-temperature coal gas: with the increase of
the combustion temperature in the self-preheating burner, the yield of
Hj; beefed up, while the yield of CO was just the oppsite.

When dsp = 100.17 um, the conversion rate of each component (C, H,
N and V) was the highest in the self-preheating burner, and the fuel
bound N and volatile matter were released in almost equal proportion,
while the conversion rate of fuel bound N in the other five types of
particles were obviously lower than that of volatile matter, suggesting
that the high-temperature coal char still had nearly half of the fuel
bound N remained, which would be the main source of NO, in the
subsequent combustion.

The maximum combustion efficiency was 98.23% at dsy = 163.84
um with the brightest flame image and highest temperature. Except for
dso = 163.84 pm, with the increase of Shenmu semi-coke particle size,
the overall combustion temperature gradually decreased and the
brightness of the entire combustion zone became dimmer. Through fire-
observation windows, it could be judged all experimental conditions in
this study achieved flameless combustion, with a transparent combus-
tion area, but no flame front visible to the naked eye.

It was discovered in this experimental that there was a critical value
(dsp = 198.54 pm) of Shenmu semi-coke particles. When the particle size
was lower than or higher than the critical value, NO, generated by
combustion would decrease. The exit NO, emission was minimized at
dso = 35.34 pm (89.46 mg/ms) and maximized at dsp = 198.54 pm
(148.53 mg/m>).
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