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ARTICLE INFO ABSTRACT
Keywords: In the study, a potentially feasible low-NOy combustion technology, based on self-sustained preheating com-
Self-sustained preheating combustion bustion of pulverized coal, is proposed. A 2 MW novel self-sustained preheating combustion test rig was
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employed, and bituminous coal was used in the experiment. A novel internal fluidized bed combustor (IFBC) was
used as the preheating chamber for pulverized coal, followed by air staging in the combustion chamber. Pre-
heating characteristics of the IFBC and the temperature distribution in the primary combustion zone were dis-
cussed. Next, the effects of the air staging ratio of the preheated fuel burner and the positions of tertiary air on
the combustion characteristics and NOy emissions of bituminous coal were investigated. The results demon-
strated that pulverized coal led to a clean and efficient operation, producing a minimum NOy emission of 72 mg/
Nm?® (@ 6% Oy). The fuel could be preheated to above 900 °C stably, and the obtained conversion rate of fuel-
bound N (fuel-N) was up to 80.2% in the IFBC. Moreover, the temperature profile in the primary combustion
zone exhibited a symmetrical distribution along the central axis of the preheated fuel burner. The high-
temperature primary combustion zone moved upward with increasing air staging ratio of the preheated fuel
burner, and a region with low oxygen and strong reducibility was formed, inhibiting NOx generation. To
maximally reduce NOy emission, a large retention time in the reducing zone and uniform mixing of reactants
were crucial. The multi-layer arrangement and delayed supply of tertiary air were found to be conducive to
significantly reducing NOyx emissions.

Over the past few years, extensive efforts have been made to develop
novel technologies that restrict NOy emissions, including air staging
combustion [3-5], low-NOy burners [6,7], selective catalytic reduction
(SCR), and selective non-catalytic reduction (SNCR) [8,9]. SCR and
SNCR involve the addition of nitrogen reducing agents, thereby signif-
icant denitrification; however, they exhibit limitations such as high
economic cost, ammonia leak, and catalyst pollution [9,10]. Combined
technologies based on air staging combustion and low-NOy burners have
been extensively used to control NOx emissions in coal-fired power
plants, because they are the most direct and economical option for NOy
reduction.

Two methods of air staging in a coal-fired boiler were summarized by
Van Der Lans [11]. One is the internal air staging, which is also known as
burner air staging. Through specific air staging in low-NOy burners, fuel-
rich zones involving devolatilization are created close to the exits of the
burners. These zones can inhibit fuel-NOy conversion, promoting NOx

1. Introduction

Nitrogen oxides (NOy) can cause severe environmental issues such as
acid deposition, ozone depletion, and photochemical smog; hence, NOy
emissions, including those from coal-fired power plants, represent a
major environmental concern. The reduction of NOy emissions is
currently one of the major challenges for environmental protection.
Strict standards have been implemented worldwide to reduce NOy
emissions from coal-fired power plants. China has promulgated ultra-
low pollutant emission standards since 2014, restricting NOy emissions
to < 50 mg/Nm3 at 6% O- for coal-fired boilers [1]. The NOy emission
limit for coal-fired power plants over 500 MWe has been set to 200 mg/
Nm® at 6% O, by the European Union since 2016 [2]. Accordingly,
rigorous requirements have been proposed for the clean combustion of
coal.
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Nomenclature

Fp primary air flow rate, Nm>/h

F; inner secondary air flow rate, Nm®/h

Fout outer secondary air flow rate, Nm®/h

Fy tertiary air flow rate, Nm®/h

Fstoi the stoichiometric air flow rate for complete combustion,
Nm®/h

a the ash content in the fuel

a the ash content in the preheated fuel

Cta the combustible content in exit fly ash

Cx the conversion ratios of components in the fuel, %

n combustion efficiency, %

qg the heat loss due to incomplete gaseous combustibles, %

qs the heat loss due to incomplete combustion of solid
combustibles, %

A the equivalence ratio of total air

Ap the equivalence ratio of primary air

As the equivalence ratio of secondary air

A the equivalence ratio of tertiary air

M;, the momentum ratio of inner secondary air to outer
secondary air

Vin inner secondary air velocity, m/s

Vout outer secondary air velocity, m/s

X1 the component X (C, H, volatile, and so on) content in the
fuel

Xo the component X (C, H, volatile, and so on) content in the
preheated fuel

Qnetar the net calorific value of the fuel as received

Agr the ash mass fraction of the fuel as received

co the volumetric percentages of CO in dry flue gas

RO, the volumetric percentage of tri-atomic gas in dry flue gas

reduction in the flame. Currently, a range of mature and reliable low-
NOy burners with wide applications have been developed (e.g., LNASB
burner [6], HT-NR burner [7], PM burner [12], CFR burner [13], and
petal swirl burner [14]). The other method is external air staging, also
termed as furnace air staging, in which combustion air is added as over-
fire air (OFA) above the burner belt. This can decrease the oxygen
concentration in the primary combustion zone. Hence, nitrogen in-
termediates (HCN and NH3) tend to react with NO to form N instead of
reacting with Oy to form NO. Furnace air staging technology can
significantly reduce NOy emissions. Several studies on the topic have
been reported, including those conducted by Choi [15,16], Fan [17,18],
Kuang [19], and Zha [20] among others.

A gas fire coal heating technology developed by the All Russian
Thermal Engineering Institute [4,21] has been demonstrated to deliver
highly efficient and clean use of pulverized coal. Its essence is that
substantial fuel-bound N (fuel-N) was easy to convert into N3 in a pre-
heating chamber under a highly reducing atmosphere, which could
restrict NOy generation at the source. However, the pulverized coal was
preheated by the hot flue gas generated from natural gas combustion,
whose economic cost was high. According to the coal preheating com-
bustion technology developed by the Institute of Engineering Thermo-
physics, Chinese Academy of Sciences [22], the pulverized coal was
initially preheated to above 850 °C in a circulating fluidized bed (CFB)
through itself pyrolysis, gasification, and combustion at a low air ratio,
and then entered the combustion chamber to be further combusted with
air staging method. A 30 kW test rig and a 0.2 MW test rig were set up
successively, and a series of mechanism studies and engineering appli-
cations were conducted [23-26]. Ouyang investigated the process of
anthracite preheating and NOy formation mechanism in a 30 kW test rig
[24]. Zhu focused on the pattern of NOx emissions obtained using
different coal types and nozzle structures [25]. Liu reported the flame
pictures in the combustion chamber [26]. In Man’s research, the effects
of air ratio in CFB and air distribution on the combustion and NOy
emission characteristics were investigated in a 0.2 MW test rig [23].
Therein, a high combustion efficiency and low NOx emissions were
implemented simultaneously using coal preheating combustion tech-
nology. Nevertheless, some potential defects were identified in the CFB,
such as large size, high engineering cost, and complicated structure). A
novel self-sustained preheating combustion technology was developed,
to operate an internal fluidized bed combustor (IFBC) as the preheating
chamber for pulverized coal [27]. Compared with the CFB, the con-
ventional loop seal was removed, while the gas—solid separator and the
dipleg were installed in the riser of the IFBC. This combustion system
exhibited a simple and compact structure, facile operation, and low heat
dissipation. Combining the IFBC with the air staging method, the novel
self-sustained preheating combustion technology can be applied in

conventional pulverized coal boilers or even in coal-fired power plants
to attain acceptable results (Fig. 1). In existing studies, preheating
characteristics of the IFBC have not been systematically characterized,
and the synergetic effects of the IFBC and air staging on NOy emissions
remains unclear.

In this study, bituminous coal was used in a 2-MW novel self-
sustained preheating combustion test rig. Preheating characteristics of
the IFBC including pressure drop, temperature variations, and the
analysis of high-temperature coal gas and semi-coke were investigated.
In addition, the temperature profile in the primary combustion zone was
analyzed. Furthermore, the effects of the air staging ratio of the pre-
heated fuel burner and the position of tertiary air on the combustion
characteristics and NOy emissions using bituminous coal were investi-
gated. The aim was to formulate the control strategy for low NOy
emissions by adopting self-sustained preheating combustion technology,
which can effectively guide its industrial application.

2. Experimental
2.1. Fuel characteristics

The proximate and ultimate analysis of Shenmu bituminous coal
used in the experiment are listed in Table 1. The nitrogen mass con-
centration in this representative bituminous coal was 0.98% and the
volatile matter was 30.57%. The coal particle size distribution (PSD)
ranged from 0.1 pm to 136 pm (Fig. 2). The mass fraction for the min-
imum particle size (ds), average particle size (dsp), and maximum par-
ticle size (dgg) are 3, 31, and 89 pm, respectively. The PSD of the fuel was
consistent with that used in conventional pulverized coal boilers
[16,28]. In addition, fuel with a particle size of 100-400 pm has been

Pulverized coal
Flue gas cleaning

Chimney

Burner| PC Boiler

IFBC

Fig. 1. Schematic diagram of novel self-sustained preheating combustion
technology applied to PC boilers.
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Table 1
The ultimate and proximate analysis of Shenmu bituminous coal.

Items Data

Ultimate analysis (wt%, air- received basis)

Carbon 62.94
Hydrogen 3.88
Oxygen 10.18
Nitrogen 0.98
Sulfur 0.40
Proximate analysis (wt%, air-dried basis)
Moisture 11.80
Ash 9.82
Volatile matter 30.57
Fixed carbon 47.80
Low heating value (MJ/kg) 24.43
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Fig. 2. Particle size distribution of Shenmu bituminous coal.

characterized previously [24,25], and the experimental systems
exhibited a stable operation.

2.2. Apparatus and methods

A schematic of the 2 MW novel self-sustained preheating combustion
test rig is illustrated in Fig. 3. This combustion system consisted of an
IFBC, a combustion chamber, a gas cooler, and other auxiliary devices.
The designed thermal power was 2 MW, and the feeding fuel rate was
approximately 0.3 t/h.

Fig. 4 presents the schematic diagram of the IFBC. The IFBC was
made of stainless steel (length: 2200 mm; inner diameter (I.D.): 450
mm) and lined with refractory fiber. As mentioned earlier, a gas-solid
separator and a dipleg were installed in the riser. The IFBC was equipped
with an ignition oil burner to achieve initial heating and fuel ignition.
Prior to conducting the experiments, 70 kg of quartz sand (0.1-1.2 mm)
was added to the IFBC as the bed material for stable circulation. The
pulverized coal was fed into the IFBC by the powder feeding air. Flu-
idized air was supplied from the bottom of the IFBC. The test rig started
with the heating stage, where the fuel was led into the IFBC gradually
and burned completely to heat the IFBC and bed material. As the tem-
perature of the IFBC increased up to 800 °C, the combustion condition
switched to the test condition. The air equivalence ratio of the primary
air (PA) including fluidized air and powder feeding air, was approxi-
mately 0.2. The IFBC could run steadily without auxiliary heating and
sustain itself in the range of 850-950 °C by the heat released from partial
pyrolysis, gasification, and combustion of the fuel. It is worth noting
that, the gasification reaction was dominant, and the pulverized coal
was converted into high-temperature coal gas and semi-coke, which
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were defined as the preheated fuel. The high-temperature semi-coke
circulated in the IFBC; once the particle size was sufficiently small, after
physical breakage and chemical reactions, it escaped from the gas-solid
separator.

The preheated fuel was injected from the bottom of the combustion
chamber. The combustion chamber was 15000 mm in height and
divided into two vertical parts. The bottom part had a water wall, with a
height of 4000 mm and a cross-sectional area of 800 x 800 mm?2. The top
part (11000 mm) was lined with the refractory material with a cross-
sectional area of 1000 x 1000 mm?. The nozzle structure of the coax-
ial jet was adopted in the preheated fuel burner, where the preheated
fuel was surrounded by the inner secondary air (ISA) and outer sec-
ondary air (OSA) (Fig. 5). The pipe diameters of preheating fuel, ISA,
and OSA were 119, 144, and 174 mm, respectively. Different from the
fuel used in the conventional burner, the preheated fuel from IFBC was
the high-temperature coal gas and semi-coke. Five tertiary air nozzles
(nozzles 1-5) were installed along the sidewalls and arranged at 2600,
5500, 8200, 10700, and 13200 mm from the bottom of the combustion
chamber, respectively; the air was injected into the combustion chamber
horizontally via these nozzles. The flue gas was discharged into the at-
mosphere through a chimney after passing through the gas cooler and
bag filter.

A programmable logic controller was applied in this test rig for
measurement and control. The flow rates of powder feeding air, fluid-
ized air, ISA, OSA, and tertiary air were regulated and measured using
flow meters. The differential pressures of the dense phase zone and
dilute phase zone in the riser were measured using three pressure
transducers arranged at 250, 1100, and 2100 mm from the bottom of the
IFBC, respectively. Two thermocouples were arranged at 1100 mm and
2100 mm from the bottom of the IFBC, respectively, and one was ar-
ranged at the outlet of the IFBC. Fifteen thermocouples were arranged
along the center of the combustion chamber at a distance of 460, 770,
1060, 1570, 2370, 3350, 4380, 5360, 6360, 7380, 8860, 10400, 11900,
13400, and 14400 mm from the bottom of the combustion chamber,
respectively. The dotted lines in the combustion chamber represented
the cross section of gird temperature measured, which were arranged at
650, 950, 1100, 1650, 2050, 2300, 2550 mm from the bottom of the
combustion chamber. Moreover, all the thermocouples were calibrated,
and the absolute error of the measured data was < 1%. The sampling
point of the high-temperature coal gas and semi-coke was set at the
outlet of the IFBC. The sampling point of fly ash and flue gas was set at
the inlet of the bag filter. Furthermore, a Fourier transform infrared (FT-
IR) gas analyzer (Gasmet DX-4000) and a zirconia oxygen analyzer were
used to analyze the flue gas components. The errors in gas concentra-
tions were + 2%.

2.3. Experimental conditions

The experimental conditions are presented in Table 2. 4, 4, A, 4 are
denoted as the air equivalence ratio of primary air, secondary air, ter-
tiary air, and total air, respectively. Mj, is defined as the momentum
ratio of ISA to OSA, a dimensionless parameter used to evaluate the air
staging ratio of preheated fuel burner. These parameters are defined as
follows:
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Fig. 3. Schematic diagram of the 2 MW novel self-sustained preheating combustion test rig: 1, Combustion chamber; 2, IFBC; 3, Preheated fuel burner; 4, Sampling
point of preheated fuel; 5, Fuel conveyor; 6, Fuel bunker; 7, Powder feeding air fan; 8, Fluidized air fan; 9, Flow meter; 10, Valve; 11, Ignition oil burner; 12,
Thermocouple; 13, Secondary air preheater; 14, Flue gas cooler; 15, Tertiary air preheater; 16, Secondary air fan; 17, Pump; 18, Cooling water tower; 19, Cooling
water tank; 20, Tertiary air fan; 21, Sampling point of flue gas and fly ash; 22, Bag filter; 23, Induced fan; 24, Chimney.
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where Fyo; is the stoichiometric air flow rate for complete combustion of
the fuel, F, is the PA flow rate (including powder feeding air and flu-
idized air), F; is the secondary air flow rate (including ISA and OSA), and
F, is the tertiary air flow rate. Fip, Fout, Vin, and vy, are the ISA flow rate,
OSA flow rate, ISA velocity, and OSA velocity, respectively.

According to Table 2, the temperature profile in the primary com-
bustion zone was investigated considering Case 1. The effects of M;,
(cases 2-4) and tertiary air positions (cases 5-8) on the combustion
characteristics and NOy emissions were investigated. After preheating,
the operating temperatures of the OSA, ISA, and tertiary air throughout
the experiment were approximately 200, 250, and 70 °C, respectively.
The thermal power, A, 4, and the operating temperatures of the OSA,
ISA, and tertiary air varied slightly owing to adjustments on the oper-
ating conditions, so the variations were considered negligible.

Table 3 shows the retention times for different sections of the
experiment. ;, ty, to, t3, ta, ts, and tg are denoted as the retention times in
the IFBC, combustion chamber bottom to nozzle 1, combustion chamber
bottom to nozzle 2, combustion chamber bottom to nozzle 3, combus-
tion chamber bottom to nozzle 4, combustion chamber bottom to nozzle
5, and combustion chamber bottom to its outlet, respectively.

3. Results and discussion
3.1. Preheating characteristics in the IFBC

Fig. 6 presents the temperature variations when switching between
combustion condition and preheating condition. During combustion,
stable circulation was maintained in the IFBC with fluidized air, and the
temperature increased up to 850 °C through the combustion of Shenmu
bituminous coal. Subsequently, the pulverized coal was fed into the IFBC
through powder feeding air. First, the temperature of the IFBC increased
rapidly and then decreased, until it eventually stabilized. The fluctua-
tion of temperature might have been related to delays in the fuel feed.
Because of the low air equivalence ratio, the temperature in the IFBC
stabilized at approximately 930 °C under the partial pyrolysis, gasifi-
cation, and combustion of the pulverized coal.

Pressure drop and temperature variations were recorded over time at
the stable condition in Case 1, as illustrated in Figs. 7 and 8, respectively.
The average temperatures at 1100 mm, that at 2100 mm from the bot-
tom of the riser, and that at the outlet of the IFBC were 929, 925, and
916 °C, respectively, and the corresponding temperature difference was
< 15 °C. In addition, the pressure fluctuation was steady, and the tem-
perature profile was uniform in the IFBC. This indicated that good
fluctuation and a stable circulation loop were set up in the IFBC.
Furthermore, both the thermal power and 4, affected the preheating
temperature of the IFBC, which was a crucial factor for the preheated
fuel [24]. The experiment was performed for 24 h till it was complete for
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Fig. 4. Schematic diagram of the IFBC: 1, Riser; 2, Gas-solid separator; 3,
Dipleg; 4, Ceramic fiber; 5, Thermocouple; 6, Pressure transducer; 7, Sampling
point of preheated fuel.

all cases, and the preheating temperature exhibited slight fluctuations
from 920 to 940 °C in the IFBC. It could be assumed that the properties
of the preheated fuel were almost constant in all cases, not being
affected by thermal power as well as A, variations. In brief, the IFBC
could be able to preheat the pulverized coal up to 900 °C steadily and
continuously, which complied with the requirement of self-sustained
preheating combustion technology.

To determine the preheating characteristics, high-temperature coal
gas and semi-coke were sampled at the outlet of the IFBC. Table 4 pre-
sents the analysis of high-temperature coal gas, which was mainly
composed of Ny, Hp, CO, CHy4, and CO, (average volume fractions of
69.89, 10.93, 12.21, 3.01, and 3.85%, respectively). Consistent results
for the analysis of high-temperature coal gas analysis were reported in
refs [25,29]. Because of the low air equivalence ratio, a strongly
reducing atmosphere prevailed and O, was not detected in the IFBC. The
combustible gases mainly comprised Hy, CO, and CH4, with a low
heating value of 4.36 MJ/Nm®, facilitating rapid ignition and stable
combustion of the preheated fuel in the combustion chamber. Notably, a
considerable amount of reducing gas generated in the IFBC (i.e., Hp, CO,
and C,Hp,,) was conducive to reducing NOx.

Table 5 lists the proximate and ultimate analysis of the high-
temperature semi-coke. To evaluate the conversion performance of the
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Fig. 5. Schematic diagram of the preheated fuel burner.

pulverized coal particles in the IFBC, the conversion rate of each
component was calculated (Table 5). According to the ash balance [24],
the conversion ratio of component x (Cy) during the preheating process
is defined as follows:

a; X x

Co=1 (%) )

a X Xy

where a; and x; are the fractions of the ash and component x (e.g., C, H,
volatiles) in the fuel, respectively. ay and x5 are the fractions of the ash
and component x in the high-temperature semi-coke, respectively.

As shown in Table 4, 97.8% of volatile matter and 49.6% of fixed
carbon were released during the preheating process. This indicated that
nearly all the volatile matter and half of the fixed carbon were converted
to release heat, which maintained the overall thermal balance of the
IFBC. The conversion rates of C, H, and O were 68.9, 85.9, and 78.5%,
respectively. Moreover, the conversion rate of fuel-N composed of
volatile-N and char-N was 80.2%. Among them, volatile-N was almost
completely released and the residual N entered the combustion chamber
to burn in the form of char-N. In the study reported by Ouyang and Zhu
[30,31], fuel-N was converted into N3, HCN, NH3 in the preheating
chamber; therein, N was largely reduced to inert N5. The conversion rate
of elemental N in the IFBC was higher than that in the CFB, which
facilitated the reduction of NOy emissions. Notably, the conversion rate
of S was only 11.5%, considerably lower than that of other components,
and a similar result was reported by Zhang [32]. The low S-conversion
rate may be explained as follows: Organic sulfur in the fuel was stable
which hindered the release of S [33]. In addition, the fluidized bed
combustion had a strong capability for sulfur self-retention. In that case,
S might have been partially retained in the form of solid compounds in
the ash by combining with coal calcium to form CaS or CaSO4 [34]. Thus
far, the conversion mechanisms of N and S during the preheating process
have not been thoroughly addressed; these can be affected by several
factors, such as coal composition, reaction temperature, gas-solid mix-
ing, retention time, and the atmosphere in the IFBC. Additional studies
on the transformation mechanisms that occur in the IFBC will be con-
ducted in the future.

3.2. Temperature profile in the primary combustion zone.

The preheated fuel was fed into the combustion chamber directly via
the preheated fuel burner and burned using the air staging method. The
secondary air provided oxygen for early-stage combustion. Tertiary air
was supplied at a location above 2600 mm from the bottom of the
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Table 2
Operating conditions of the experiment.
Items Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
Thermal power (MW) 1.88 2.08 1.76 1.88 1.84 1.83 1.87 1.92
p 0.18 0.16 0.20 0.18 0.19 0.19 0.18 0.18
As 0.45 0.66 0.79 0.74 0.53 0.54 0.52 0.51
M; 0.23 0.22 0.39 0.62 0.42 0.41 0.42 0.41
Fin (Nms/h) 215 345 431 494 310 308 306 305
Foue (Nm3/h) 569 934 870 797 605 605 600 604
F, (Nm®/h) 926 829 634 648 993 978 889 938
Vin (m/s) 20.6 33.1 41.3 47.4 29.7 29.5 29.3 29.3
Vout (m/) 34.1 55.9 52.1 47.7 36.2 36.2 35.9 36.2
Tertiary air position 4,5 4 4 4 2,3 3,4 4,5 5
A 0.57 0.43 0.39 0.37 0.58 0.58 0.51 0.53
A 1.20 1.25 1.38 1.29 1.30 1.31 1.21 1.22
Table 3
Retention times of different sections in the experiment.
Retention time (s) Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
t 0.79 0.79 0.76 0.80 0.79 0.79 0.80 0.78
t 0.13 0.12 0.11 0.12 0.13 0.13 0.13 0.13
ty 2.46 1.87 1.83 1.87 2.25 2.26 2.27 2.25
t3 5.07 3.84 3.77 3.85 3.76 4.66 4.68 4.64
ty 7.93 6.07 5.96 6.09 5.22 6.30 7.10 7.05
ts 9.84 7.44 7.46 7.60 6.68 7.62 8.81 9.59
te 10.80 8.38 8.49 8.64 7.72 8.52 9.69 10.44
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Fig. 6. Temperature variations under the switch of combustion condition and
preheating condition.

combustion chamber for complete combustion. The preheated fuel was
composed of high-temperature coal gas and semi-coke, which differed
from the raw coal. Because the temperature of the preheated fuel was
higher than the kindling point of the Shenmu bituminous coal (349 °C)
measured by thermogravimetry, the fuel was rapidly ignited to maintain
stable combustion. In addition, it was reported that the pore volume and
specific surface area of the high-temperature semi-coke increased,
whereas its particle size decreased [24], which accelerated the involved
chemical reactions. Thus, the process was different from the conven-
tional combustion methods, which required “three high zones” (high
temperature, high fuel concentration, and high oxygen concentration)
for ignition and stable combustion.

To determine the combustion characteristics at the early-stage
combustion, a thermocouple was manually inserted into the primary
combustion zone to conduct grid temperature measurement during the
stable condition in Case 1. Fig. 9 shows the temperature points on the
cross section of the combustion chamber. The temperature points were

Fig. 7. Pressure drop variations with time in the IFBC.

distributed along the transversal and longitudinal axes of the combus-
tion chamber with a spacing of 100 mm.

The transversal and longitudinal temperature profiles in the primary
combustion zone are shown in Fig. 10 and Fig. 11, respectively. It was
observed that the flame was symmetrically distributed along the central
axis of the preheated fuel burner. The high-temperature primary com-
bustion zone was mainly concentrated at 1100-2050 mm from the
bottom of the combustion chamber, which was 200-400 mm away from
the wall surface. In that region, temperatures were > 1150 °C; the peak
temperature was 1256 °C at 1650 mm from the bottom of the combus-
tion chamber. The flame assumed the shape of cone that diffused out-
ward from the preheated fuel burner, exhibiting a length of 2300 mm
and an LD of 400 mm. A significant radial temperature gradient
occurred below 2050 mm from the bottom of the combustion chamber,
and the maximum radial temperature difference was 336 °C at 950 mm
from the bottom of the combustion chamber. The high-speed jet of the
secondary air flow resulted in a high radial velocity gradient in the re-
gion near the preheated fuel burner. Accordingly, the preheated fuel was
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Fig. 8. Temperature variations with time in the IFBC.
Table 4
Analysis of high-temperature coal gas.

Item unit value
N % 69.89
Hy % 10.93
Cco % 12.21
CH, % 3.01
CO, % 3.85
0, % 0.00
CmHp % 0.11

Low heating value MJ/Nm?® 4.36

Table 5
Analysis of high-temperature semi-coke and the conversion rate of each
component.

Items Value Conversion rate (%)

Ultimate analysis (wt %, air-dried basis)

Carbon (Caq) 61.90 65.9
Hydrogen (Had) 1.58 85.9
Oxygen (0aq) 6.30 78.5
Nitrogen (Naq) 0.56 80.2
Sulfur (S.q) 1.02 11.5
Proximate analysis (wt %, air-dried basis)

Moisture (Maq) 0.34 99.0
Ash (Aaq) 28.30 0.00
Volatile matter (V,q) 1.96 97.8
Fixed carbon (FCuq) 69.40 49.6

wrapped and carried upward by secondary air. Thus, the fuel did not
sufficiently mix and diffuse, and it was concentrated in the central area
and was rapidly ignited to maintain a high flame temperature. As
combustion chamber height was elevated, the mixing of reactants was
strengthened as impacted by the decrease of radial velocity gradient and
the entrainment of the surrounding flue gas. Thus, a more uniform
temperature profile was obtained, and the radial temperature difference
was < 150 °C at a location above 2050 mm from the bottom of the
combustion chamber.

The experimental data along the axis of the combustion chamber (e.
g., temperature, pressure, and CO or NOy concentrations) were not
sampled owing to limited experimental conditions. Refer to the previous
researches [23-26], the following section did a simple analysis and
discussion about the effects of Mj, and tertiary air position using the air
velocities of preheated fuel burner, the grid temperature measurement
in the primary combustion zone, and the resulting NOx emissions. In
addition, a CFD-based calculation can provide more information on the
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Fig. 11. Longitudinal temperature profiles in the primary combustion zone.

flow, mixing, and chemical reaction inside the combustion chamber.
Hence, the related numerical calculations will be addressed in future
research.
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3.3. Effect of M, on the combustion characteristics and NO,, emissions

To determine the effect of Mj, on the combustion characteristics and
NOy emissions, comparative cases 2—4 were selected for discussion. M;j,
was 0.22, 0.39, and 0.62 for cases 2-4, respectively, considering that
slight variations in thermal power, 4, 45, and 1; were negligible. Tertiary
air was supplied at 10700 mm from the bottom of the combustion
chamber via nozzle 4.

Fig. 12 presents the temperature profiles along the axis of the com-
bustion chamber at different M;,. The preheated fuel was first mixed
with the ISA and burned to release heat, which indicated that M;, was
critical to fuel mixing and reaction during the early-stage combustion.
Notably, the high-temperature primary combustion zone moved upward
with decreasing Mj,. In cases 2-4, the peak temperature ranged from
1140 °C to 1160 °C, at the corresponding locations 2370, 1570, and
1160 mm from the bottom of the combustion chamber. The decrease of
M, indicated outer secondary air flow rate increased, and v,y increased
accordingly. Consequently, more preheated fuel was carried upward,
and the occurrence of the confluence point of the fuel and secondary air
jet was delayed. In addition, the temperature in the region of
3000-8000 mm from the bottom of combustion chamber slightly
increased with an increase of thermal power. In addition, the resulting
temperature profiles were almost equivalent for cases 2—4 at a location
above 8000 mm from the bottom of the combustion chamber, which
demonstrated that the effect of M;, on late-stage combustion was
negligible.

The peak temperature in the combustion chamber was < 1300 °C,
and thus the thermal NOy generation could be significantly inhibited
[35,36]. In addition, prompt NOy from the combustion of pulverized
coal was rather low [37]. As volatile-N was almost entirely released
during the preheating process, NOy in the combustion chamber was
mainly converted from char-N.

The mechanism of NOy formation in the combustion chamber has
been addressed through a bench-scale test rig, as reported by Ouyang
[24,38]. Before the tertiary air injection into the chamber, the supplied
air was inadequate. Hence, a reducing atmosphere prevailed in the area
between the preheated fuel burner and the tertiary air nozzle. This zone
was defined as the reducing zone, wherein a series of oxidation and
reduction reactions occurred. The specific surface area of the solid fuel
particle was enlarged after preheating in the IFBC, which represented an
expanded reaction area [24]. In addition, Hy, CO, and C,H, contained in
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the high-temperature coal gas contributed to the reduction of NOy. Thus,
the generated NOy was easily reduced through homogeneous reduction
[39,40] and heterogeneous reduction [41].

Fig. 13 presents the variations in NOyx emissions and CO emissions at
different Mj,. At Mj, of 0.22, 0.39, and 0.62, the resulting NOy emissions
were 150, 285, and 321 mg/Nrn3 (@6% 03), respectively. CO emissions
ranged from 129 mg/Nm?® to 182 mg/Nm? (@6% Oy), and they were not
the main factor affecting the NOx emissions. NOy emissions decreased
apparently with the decrease in Mj,, being reduced by 53.3% when M;,
decreased from 0.62 to 0.22. M;,, which represents the relative flow rate
of ISA and OSA at a fixed J,, allows for the assessment of the air staging
ratio of the preheated fuel burner. The preheated fuel prematurely
mixed with more oxygen during early-stage combustion at M;, of 0.62,
which might have caused a local high-oxidation region that promoted
NOy generation. ISA decreased and OSA conversely increased with
decreasing M;,, which indicated a deeper air staging of the preheated
fuel burner. Accordingly, a low-oxygen region with strong reducibility
was formed to inhibit NOy generation. Notably, NOy emissions
decreased with decreasing of s [23,26]. Both s and Mj, for Case 2 were
lower than those for Case 3 and 4. Lower NOx emissions in case 2 may
have also been caused by the decrease in ;. The effect of Mj, on NOx
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emission with a single characteristic quantity will be addressed in future
research. Furthermore, v, and v, were 33 m/s and 56 m/s, respec-
tively, at Mj, of 0.22. In this case, the velocity gradient of the preheated
fuel burner was not reasonable. The high shear stress of the high-speed
jet flow hindered the radial mixing of the preheated fuel and air in the
reducing zone. For this burner, the potential of coupling the strongly
reducing atmosphere with strong turbulence was not fully exerted.
Consequently, a strong turbulence structure should be introduced in the
preheated fuel burner, which may further contribute toward reducing
NOy emissions.

3.4. Effect of the position of tertiary air on the combustion characteristics
and NO, emissions

To determine the effect of the position of tertiary air on the com-
bustion characteristics and NOy emissions, comparative cases 5-8 were
selected for discussion. In case 5-8, tertiary air was supplied into the
combustion chamber via nozzles 2 and 3, nozzles 3 and 4, nozzles 4 and
5, nozzle 5, respectively, while the thermal power, 1, s, Mjo, and A
remained constant.

Fig. 14 presents the temperature profiles along the axis of the com-
bustion chamber at different tertiary air positions. The temperature
profiles in cases 5-8 were similar at a location below 4500 mm from the
bottom of the combustion chamber. The peak temperature ranged from
1240 °C to 1270 °C at approximately 1000 mm from the bottom of the
combustion chamber. The effects of the slight variations in thermal
powetr, Ap, 45, and M, on the temperature profile along the combustion
chamber were considered negligible. However, the position of the ter-
tiary air was crucial for the temperature profiles during the late-stage
combustion. Once the tertiary air was injected into the combustion
chamber, the preheated fuel was rapidly burned and the temperature
increased. For instance, tertiary air was fed into the combustion cham-
ber via nozzles 2 and 3 in case 5, and the temperature increased rapidly
at 5000-9000 mm from the bottom of the combustion chamber. Thus,
the temperature profile in the combustion chamber could be modified by
reasonably adjusting the tertiary air flow.

Fig. 15 presents the NOy and CO emissions at different positions of
the tertiary air. CO emissions were < 100 mg/Nm3 overall (@ 6% O-).
NOy emissions were 140, 78, and 72 mg/Nm3 (@ 6% 0y) in cases 5-7,
respectively, (corresponding to nozzles 2 and 3, nozzles 3 and 4, nozzles
4 and 5). This indicated that NOy emissions could be effectively reduced
by the delayed injection of tertiary air. The reducing zone expanded as
the height of the tertiary air nozzle increased, indicating that the
retention time of the reactants in the reducing zone also increased.
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Hence, the NOy reduction reaction was more sufficient accordingly. This
conclusion complied with the study reported by Man [23]. The decrease
in NOy emissions in Case 7 (compared with cases 5 and 6) might have
also been caused by the decrease in i [23,26]. The effect of tertiary air
position will be clarified further in our future study. In addition, NOx
emissions increased to 105 mg/Nm® (@ 6% O,) for Case 8. Though the
reducing zone expanded further with nozzle 5, tertiary air was injected
into the combustion chamber through only one nozzle. This indicated
that the preheated fuel mixed with a large amount of oxygen in a rela-
tively small space, leading to the formation of a local high-oxidation
region close to nozzle 5. Hence, a large amount of NOy was generated
and could hardly be reduced because it was no longer a strongly
reducing atmosphere. Liu [29] reported that a uniform combustion re-
action and low oxygen concentration were conducive to inhibiting the
generation of NOy, which was supported by the experimentally achieved
result. The tertiary air that was fed through nozzles 4 and 5 in Case 7
could disperse into a larger space compared to that in Case 8, and thus
formed a sufficiently low-oxygen atmosphere throughout the combus-
tion chamber. Accordingly, the preheated fuel mixed with oxygen well
and the reactions could occurred uniformly in the combustion chamber.
Consequently, NOyx emissions in Case 7 decreased. In summary, the long
retention time in the reducing zone and the uniform mixing of reactants
are critical for the reduction of NOy emissions. Further, the multi-layer
arrangement and delayed supply of tertiary air facilitated the
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reduction of NOy emissions.

3.5. Combustion efficiency

The coal preheating technology demonstrated excellent performance
in terms of combustion efficiency [25,31]. In this study, the combustion
efficiency of chosen typical case (cases 6 and 8) was investigated. The
combustion efficiency was calculated as follows [23]:

n=1-q-q @
32700A,C,
q = — g (8)
Quetr (100 - Cro)
100 — g,
g, = 236(Cy + 0.375S,) 01074 4 )

RO, + CO Quuu

where 7 is the combustion efficiency, g is the heat loss due to incomplete
combustion of the solid combustibles (mainly carbon), Quet,ar is the net
calorific value of the as-received fuel, A, is the mass fraction of the ash
in the as-received fuel, Ct, is the combustible content in the exit fly ash,
qg is the heat loss due to incomplete combustion gases (mainly CO), CO
is the volumetric percentage of CO in the dry flue gas, and RO is the
volumetric percentage of triatomic gas in the dry flue gas.

The fly ash at the inlet of the bag filter was sampled using a filter
cartridge via a vacuum pump. In cases 6 and 8, the Cg, fractions were
2.41% and 6.32%, respectively, and the corresponding combustion ef-
ficiencies were 99.1% and 97.6%, respectively. The average combustion
efficiency of the Shenmu bituminous coal was 98.4%.

Efficient and clean utilization of pulverized coal was achieved using
a 2 MW novel self-sustained preheating combustion test rig. There may
exist two development routes for its industrial application: the scale up
of each combined IFBC and furnace unit, and a combination of several
IFBC units with existing pulverized coal boiler. Further research and
numerical calculations are required to address crucial issues such as the
design criteria of the IFBC, the wear under long-term operation, and
coupling between the IFBC and the furnace. The industrial application of
the coal self-sustained preheating combustion technology has the po-
tential to be realized in the future.

4. Conclusion

In this study, the high combustion efficiency and low-NOy emissions
control were addressed. An experiment was performed in a 2 MW novel
self-sustained preheating combustion test rig to investigate the NOy
emissions and combustion characteristics using bituminous coal. The
effects of the air staging ratio of the preheated fuel burner and the po-
sition of tertiary air were studied. Moreover, the preheating character-
istics of the IFBC and the temperature profile in the primary combustion
zone were investigated. The main findings are summarized as follows:

1. Pulverized coal can be efficiently and cleanly used through self-
sustained preheating combustion technology. NOy emissions
decreased to 72 mg/Nm3 (@ 6% 0O5), while a high combustion effi-
ciency of 98.4% was achieved.

2. IFBC can provide the high-temperature preheated fuel for the com-
bustion chamber stably. The conversion rate of the fuel-N reached up
to 80.2% in the IFBC, conducive to inhibiting NOx generation.

3. The high-temperature primary combustion zone was concentrated at
1100-2050 mm from the bottom of the combustion chamber. The
corresponding temperature profile exhibited a symmetrical distri-
bution along the central axis of the preheated fuel burner.

4. The air staging ratio of the preheated fuel burner is critical for the
mixing process and reaction of the preheated fuel during early-stage
combustion. The high-temperature primary combustion zone moved
upward with decreasing Mj,. This contributed to the formation of a
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low-oxygen region with strong reducibility, leading to the efficient
reduction of NOy.

5. A comprehensive approach on low NOx emissions required a long
retention time in the reducing zone and uniform mixing of the re-
actants. The multi-layer arrangement and delayed supply of the
tertiary air facilitated the reduction of NOy emissions.
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