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Abstract

Pulverized coal-fired boilers have been used for power generation in Korea for decades. Recently, an 870-MW wall-fired boiler with
De-NO,™ burners and an air staging system was constructed for use with low-rank coal. The results of a full-scale simulation of its com-
bustion characteristics agreed well with measurements obtained under normal operating conditions for temperature, unburned carbon,
and nitric oxide. Contrasting trends in unburned carbon and NO, emissions were observed, depending on the particle size and the location
of the standby burner within the boiler. Combustion was also found to shift forward with small particle sizes and backward with large
particle sizes. The results of a Thermo-mechanical analysis (TMA) indicated that the actual sticking temperature was lower than that
suggested by the initial deformation temperature (ASTM) criteria. A logistic function was used to describe TMA shrinkage. Locations
subject to high deposition potential were predicted with reference to soot-blowing phenomena.
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1. Introduction

Pulverized coal-fired boilers (PCFBs) have been used to
generate power in Korea for several decades, contributing
40 % of the total electricity produced. Recently, as the use of
electric power has gradually increased as a result of industrial
development, construction of new boilers has also steadily
increased. However, PCFBs face technical challenges with
respect to fuel flexibility and meeting environmental regula-
tory standards. The latter is particularly relevant given the
strengthening of emissions regulations (including those for
particulates, nitric oxide, and sulfur) in the country. From a
technical perspective, the use of low-rank coal has been found
to increase slagging and fouling, potentially leading to unex-
pected boiler shutdown. To address these issues, various de-
NO, technologies and slagging/fouling prediction tools have
been developed and applied in the industry.

The NO, forms produced in PCFBs are thermal NO;,
prompt NO,, and fuel NO,. Because most coal has a nitric
component within the fuel, fuel NOy is the major source of
NO, formation. During the coal combustion process, it is pos-
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sible to reduce the formation of nitric oxide by two methods.
Homogeneous reduction controls the reaction pathway in fuel
lean/rich zones. In fuel-rich zones, the ammonia radicals that
are formed from fuel nitrogen are mostly decomposed, leaving
N,. In excess-air zones, at common combustion system tem-
peratures of more than 1000 °C, they are oxidized to form NO.
Heterogeneous reduction is the reduction of residual char that
has not yet undergone reaction. The very low level of NO
formed from residual char is attributable to the reduction of
NO on the surfaces of the coal particles. NO, reduction can
also be accomplished with air staging and fuel staging systems.
Air and fuel staging techniques can be applied both in the
boiler and at an individual burner. In the case of air or fuel
staging in the furnace, there are clear, locally delimited zones
with different stoichiometric conditions. When air or fuel stag-
ing is applied at a burner, the zone formation is affected by
mixing processes.

The slagging and fouling that occur in a boiler originate in
deposition phenomena. When deposited particles melt and
form a sintered layer, the result is called slagging, whereas
when ash particles form a layer through condensation at a
relatively low temperature at a surface, it is called fouling. It is
possible for these two phenomena to occur simultaneously or
separately, depending on the temperature and surrounding
environment.
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Recently, the Korea South East Plant (KOSEP) constructed
a wall-fired boiler with an 870-MW capacity that uses a De-
NOy burner and an air staging system and is intended for use
with low-rank coal (5200 kcal’kg) rather than typical design
coal (6080 kcal/kg). This is the first such boiler of this scale
and type in Korea, and the use of a De-NO, burner is also a
first. Because this is new technology, it is important to obtain
a better understanding of the combustion phenomena that
occur within this boiler.

In this study, we used Computational fluid dynamics (CFD)
to perform a simulation of the KOSEP 870-MW wall-fired
boiler. The simulation included modeling of a De-NO, burner
and an air staging system. CFD models have been widely used
to predict boiler performance [1-4]. Experiments on real-
world large-scale systems involve very high utility costs and
related safety problems; prediction through CFD has the ad-
vantage of providing detailed analyses of boilers without in-
curring significant expenses. Additionally, relevant phenom-
ena were measured under the normal operating conditions of
the boiler, and the measurements were then compared with the
simulation results. The combustion mechanism of the De-NO,
burner was explored to identify possibilities for reducing NO,
emissions. Finally, the study examined the effects of standby
burners and particle sizes, and explored the boiler’s deposition
potential.

2. Numerical modeling

2.1 Fuel properties

Studying solid fuel combustion requires that various ex-
perimental parameters (such as material properties and kinet-
ics) be studied for each chemical reaction. Table 1 lists the
properties of the KPU coal selected for the experiment. This
coal type has properties similar to those of coal used in new
low-rank coal boilers. Heat values were obtained using a dif-
ferential scanning calorimeter. For several decades, the heat-
ing value of design coal has been 6080 kcal/kg; however, units
5 and 6 at the Young-Heung power plant use low-rank coal,
with a heating value of 5200 kcal/kg. Proximate analysis was
performed using a thermogravimetric analyzer (TA instrument
SDT Q600), and ultimate analysis was performed using an
element analyzer (LECO Tru-spec).

A particle size range of 45-150 pm is typically used for
PCFBs, depending on the boiler geometry, coal reactivity,
operating conditions, and experience of the boiler operator.
For purposes of simulation, the Rosin-Rammler distribution
provides realistic particle variations but also requires signifi-
cant computational time. A uniform particle size was therefore
used in this study. The selected demonstration particle had a
60-100 pm diameter distribution, while the measured mean
diameter of the ash sample was determined to be 75 pm.

Slagging and fouling are major issues for low-rank coal
combustion. To predict the deposition probability, the ash
components and melting temperature were analyzed using
American Society of Testing and Materials (ASTM) criteria.

Table 1. Properties of KPU coal.

Proximate analysis
(% by mass, as received)
Moisture 17.03
Volatile matter 39.71
Ash 6.65
Fixed carbon 36.55
Ultimate analysis
(% by mass, daf basis)
C 76.68
H 5.50
O 16.34
N 1.36
S 0.12
Ash composition (%)
SiO, 46.36
ALOs 14.59
F6203 6.18
CaO 5.16
MgO 1.72
Na,O 597
K;O 1.45
SO, 0.86
TiO, 548
Other 13.44
B/A ratio 0.308
Heating value (kcal/kg) 5190
IDT (K) 1419
ST (K) 1437
HT (K) 1464
FT (K) 1514
100 - .
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Fig. 1. TMA analysis results for KPU coal and mathematical fitting
with logistic function, where, f(T) = o/[1+exp(a+bT)], a = 2.92, a =
22.308 and b =-0.02133.

The high-temperature area within the boiler was between
1500-1600 K, and the Fluid temperature (FT) was also within
this range. Hence, it is expected that ash particles would be
deposited on the tube surface. For the purpose of a more accu-
rate melting temperature analysis, Thermo-mechanical analy-
sis (TMA), an advanced experimental technique for coal ash
slag [5], was performed. Fig. 1 shows the TMA results for
KPU coal and the regression model fitted to the results. The
temperature corresponding to TMA shrinkage of 25 % was
known from the initial deformation, and the ASTM test results
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showed it to be significantly lower than the Initial deformation
temperature (IDT). At the IDT position, ash particles had
melted completely. This means that the actual deformation
temperature at which a particle becomes sticky is lower than
the ASTM IDT value and thus the superheaters would be ex-
posed to deposition problems. To identify the soot-blowing
position, the melting behavior was analyzed using a logistic
function in the simulation.

2.2 Particle dynamics model

Extensive kinetic studies have been conducted on coal reac-
tion processes, which depend on temperature, environment,
and coal rank. In this study, we used CFD parameters for de-
volatilization and apparent kinetics for char combustion; CFD
parameters have been widely used and are referenced in many
coal combustion simulation studies. Fluent 14.5 was used for
the CFD process. This program allows various combustion
models and source term options.

The Re-Normalisation Group (RNG) k-e turbulence model
was used to account for swirling flow, and the P-1 model was
used to account for radiative heat transfer effects, with an
emissivity of 0.9 used for wall slag [6]. These models provide
good approximate solutions for a full-scale boiler simulation
without requiring excessive computation time. Detailed equa-
tions for mass, momentum, energy, and species transport are
provided by Ma et al. [7]. To illustrate coal flow and combus-
tion, a Dispersed phase model (DPM) was used. If the dis-
persed second phase occupies a low volume fraction (lower
than 10 % of the total volume), the Euler-Lagrange approach
can be considered an acceptable method. The dispersed phase
is solved by tracking a large number of coal particles and al-
lows for exchange of momentum, mass, and energy within the
fluid phase.

2.3 Boiler geometry and De-NOx burner

Fig. 2 shows the three-dimensional (3D) geometry of the
870-MW pulverized coal boiler constructed by KOSEP in
Korea in 2014. The real-scale simulator was developed with
2500000 cells. The burner zone is made up of three levels:
Bottom (C, E), middle (A, B), and top (D, F). Each burner
incorporates six multi-cylinder-shaped burners that face each
other on the same level. Thus, the boiler has a total of 42 burn-
ers. The De-NO, burner has four inlet ports, for Primary air
(PA), Secondary air (SA), Tertiary air (TA), and Quaternary
air (QA). The coal is carried by PA at 330 K, and there is a
Flame-stabilizing ring (FSR) on the PA flow nozzle that al-
lows locally fuel-rich/lean conditions to be created by control-
ling the surface in contact with the oxidizer. Hot air (SA, TA,
and QA at 600 K) is connected with a wind box and controlled
by a damper. Both TA and QA consist of swirling flow (45°
angle), and each burner has an irregular swirl direction (clock-
wise/counter-clockwise, respectively), which allows mixing of
the fuel and oxidizer within the volatile combustion area. A
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Fig. 2. Geometry of 870-MW wall-fired boiler (left), shape of De-
NO,™ burner (middle) and heat absorption values for superheater
(right); PA = primary air and coal, SA = secondary air, TA = tertiary
air, QA = quaternary air.

simplified geometry was considered for the burner in this cal-
culation. While the shapes of the pipeline and swirl vane of
each burner were not considered, the effective area of the noz-
zle tip was considered to set the boundary condition that
would ensure the injection of coal and air from each surface.
The swirls of tertiary air and quaternary air were considered
using the normal vector and tangential vector at the nozzle
surface. The Separated over-fire air (SOFA) zone is located at
two levels (LSOFA, HSOFA) and also has swirl flow with an
irregular direction. This SOFA system plays a role in air stag-
ing to reduce NO, generation within the combustion area.

The heat sink/source dynamics of the following heat ex-
changer areas were modeled in this study: platen superheaters,
final reheater and superheater, primary reheater, and econo-
mizer. The heat exchanger was actually designed as a bundle
of circular tubes with a small diameter and a large heat trans-
fer surface. However, it was impossible to consider the actual
tube geometry because of the cell size, mesh problems, and
significant increase in calculation time that this would have
involved. The bundle of tubes was therefore simplified, and
the heat transfer coefficient was recalculated for each heat
consumption area based on the heat absorption data of each
heat exchanger. Boundary conditions were calculated from
real operational data and are listed in Table 2. The results of
the real scale test at 870-MW performance are also provided.

2.4 Coal combustion model

Coal particles undergo very complex transformation proc-
esses during combustion, and no perfect illustration of both
coal combustion and ash formation can be obtained; assump-
tions and simplifications are required. Fig. 3 illustrates the
complex transformation behavior of coal particles and a sim-
plified mechanism for full-scale simulation. Coal particles first
release water vapor and then volatile matter as the temperature
increases. Volatile and char burning then occur at contact lo-
cations with oxygen. Devolatilization and char combustion are
slower reactions than evaporation and volatile burning. The
reaction kinetics of these two processes are therefore impor-
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Table 2. Operating conditions and measured values at 870-MW per-
formance.

Supply conditions (Ton/h)

Coal PA SA+TA+QA

A burner 73.4 1314 3193
B burner 74.3 131.1 319.6
C burner 73.7 131 3204
D burner 73.7 133.6 3203
E burner 73.5 129.5 318.8
F burner 0 0 9222
Total 368.6 656.6 1690.6

SOFA

LSOFA (front wall) 199.02

LSOFA (rear wall) 174.53

HSOFA (front wall) 257.7

HSOFA (rear wall) 257.6

Total 888.85

Measured value before Selective catalytic reduction (SCR) at 870-MW
performance

0x(%) 25 £ 05%
UBC (%) 3+ 1%
NO(ppm) 102.5 = 10 ppm
Outlet temperature (K) 630 = 3K
Measured temperature within boiler at 870-MW performance
Nose temperature (K) 1527
F.E. temperature (K) 1322
(A) Actual behavior of coal particle in the boiler
Volatte ) e
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Fig. 3. Coal combustion behavior in the boiler and simplification for
full-scale simulation.

tant in controlling the overall burning time.

Devolatilization: When coal is heated to a sufficiently high
temperature, it begins to decompose, producing tars, gases,
and volatiles. These processes depend not only on the tem-
perature but also on the molecular structure of the coal. Many
researchers have tried to obtain generalizations of complicated
devolatilization processes and have produced various useful
simplified models for practical application. The most basic
mathematical devolatilization model assumes that raw coal is
only a reactive material in the coal particle and calculates the
generation rate experimentally. Single [8] and two-competing
rates [9] are representative first-order reaction rates. Another
class of devolatilization model is the network model, which

reflects the chemical nature of pyrolysis behavior. FG-DVC
[10], FLASHCHAIN [11], and CPD [12] have been used suc-
cessfully to describe the influence of the chemical features of
coal on devolatilization behavior under various burning condi-
tions. In this study, we used a CFD model for simulation, with
the following coefficients: sig+1 = 4.97, MW = 367.5, M_del
=39.7,p0 =0.51, and c0 = 0.0538. These values were derived
using the C " NMR parameter calculator program developed
by Fletcher et al. [12]. The high volatile yield (Q-factor) was
taken from Jensen and Mitchell [13].

Char combustion: Char, which is the solid residue remain-
ing after pyrolysis, has various textures (hollow, network,
skeleton, balloon, etc.). These shapes depend on the maceral
contents of the parent coal and on the devolatilization condi-
tions. The reaction rates of such porous particles are related to
structural factors (particle diameter, porosity, specific surface
area, pore diameter, etc.), as well as the intrinsic reactivity and
diffusion of reactants to the particle surface [14]. There are
three reaction regimes for the combustion of char particles,
which depend on the temperature. In the low-temperature
range, the chemical reaction is the limiting factor (Zone 1). In
the mid-temperature range, the reaction rate is controlled by
both chemical factors and pore diffusion (Zone 2). In the high-
temperature range, diffusion of oxygen to the particle surface
limits the reaction rate of char combustion (Zone 3).

The intrinsic model is well known to describe variations in
the char reaction rate but requires advanced empirical values
for pore development. For the purpose of the full-scale simula-
tion, considering that the char combustion environment in the
boiler was predominantly within Zone 3, we used apparent
kinetics instead of intrinsic kinetics to calculate the char com-
bustion. The model used for the char combustion simulation in
this study was the kinetic/diffusion surface reaction rate, as
elaborated by Baum and Street [15] and Field [16]. This mod-
el assumes that the surface reaction rate includes the effects of
both bulk diffusion and chemical reaction. The n"-order glob-
al reaction used to determine the char oxidation rate is given
as follows:

RLY,
q, =—nd? Lo pr (1)

c” gas,s

w,0x

where ¢, is the reaction rate (kg/s) and d,, is the particle size.
Because the particle size in the PCFB is 75-100 um, a single
film model is appropriate for reaction modeling. The bound-
ary layer diffusion is given as follows:

A (P,..~P,.)=A,kPL,

and

E
k = A exp| ——— 2
s LXp[ RTP] )
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where for the simple equation, the reaction order n was con-
sidered to be 1. This is an important assumption when using
the kinetic diffusion model provided in the Fluent char com-
bustion model. Eq. (2) can thus be rewritten as follows:

RTY  hk

qp:—ﬂ'd;p o’ ox d (3)
M., (h,+k)

and g, and A, are given by Eqs. (4) and (5):
Am
=— 4
9= 4)
[(T,+T,/2]
h, = Cld—. )

P

Finally, the kinetics of char oxidation can be expressed as
follows:

hk } q,
= = (6)
k
Lh,, +0) || g PRLL
M

w,0x

where the left-side term is a function of the particle tempera-
ture and the right-side term is a function of g, at a given parti-
cle temperature and particle pressure of oxygen. At low tem-
peratures, k. is greater than hy. Thus, k. is a limiting rate. In
contrast, at a high temperature, hy is greater than k; and hy is
the limiting rate. The transition temperature between k. and hy
is dependent on the heterogeneous reactivity of the char. In
this study, a Wire mesh reactor (WMR) was used to determine
the char oxidation rate. The WMR, which has been validated
by numerous investigators, was designed and constructed to
investigate the combustion and gasification kinetics of coal
particles. Details concerning this apparatus are given else-
where [17-19]. A comparison of the calculated and experi-
mental reaction rates for KPU coal is shown in Fig. 4. The
calculated kinetic diffusion rate matches the experimental
results reasonable well for the following values used: C;=4 x
10" KJ/kmol, A = 1.07 x 10? KJ/kmol, and E = 6.92 x 10"
KJ/kmol.

Volatile combustion: The eddy dissipation model was used
for the gas-phase reaction of volatile matter released from the
coal. Based on the work of Magnussen and Hjertager [20], this
model assumes that overall gas-phase reactions are controlled
by turbulent mixing. In general, the Arrhenius kinetic rate at
the ignition spot is greater than the eddy dissipation rate. This
means that the reaction rate of the gas phase is governed by
turbulence. Due to high atmospheric temperatures, the com-
bustion of volatile matter is based on a fast-burning process in
a PCFB. In this case, the Arrhenius rate model can be ignored
to reduce the computation time.

In(R) [kg/s-m*atm)

KPU(WHR)
-20 - —— KPU(Calculation)

1 1 1 1 1
0.0004 0.0008 0.0008 0.0010 0.0012 0.0014 0.0018

1T (K')

Fig. 4. Comparison of calculated and experimental char oxidation rates
for KPU coal.
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Fig. 5. NOy formation mechanism within the pulverized coal boiler.

2.5 NOx model

The nitrogen oxides that are formed in the PCFB are de-
rived from two sources. The first is oxidation of fuel nitrogen,
referred to as fuel NO,, and the second is oxidation of nitrogen
in the air, referred to as thermal NO,. It is well known that fuel
NO, makes up 75-85 % of the nitrogen oxides in PCFBs,
while thermal NO, makes up 15-25 % of this total [20]. NO,
NO,, and N,O are also formed during pyrolysis, but in a PCFB
environment, more than 90 % of the NO, occurs in the form of
NO; for this reason, only the latter was considered in this
study. Most experimental studies on coal pyrolysis report that
coal nitrogen is released from both volatiles and residual char.
There are multiple-step reactions that occur as volatile nitro-
gen reacts with oxygen before finally forming NO;, in addi-
tion to char nitrogen participating in heterogeneous surface
reactions that lead to NO formation. However, details of the
chemical reactions can be avoided to reduce the calculation
time when dealing with a full-scale problem. For this reason,
only global reactions and major mechanisms were considered
and are shown in Fig. 5. To reduce NO conversion, fuel-rich
regions (i.e., a reducing environment) should be formed in the
combustion area.
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Fig. 6. Comparison of simulated and measured results at different
positions.

3. Results and discussion

The coal combustion simulation required that values be as-
signed to many input parameters, such as the boundary condi-
tions for each burner, the coal properties, and the kinetic val-
ues for each reaction. The simulation was also based on as-
sumptions related to numerical equations and calculations and
therefore was not a perfect representation of heterogeneous
coal combustion processes. Ideally, at least one simulation
case should be matched with real test results before changing
parameters in the boiler. Table 2 lists the supply conditions
and measured values that apply under normal operating condi-
tions. The simulation was performed under the same condi-
tions, and the results were compared with the measured values.
Fig. 6 shows a comparison of the predicted temperature field
within the boiler and the real-case results for the same position.
Locations 1 and 2 are significant and are referred to as the
nose temperature and furnace exit temperature regions, re-
spectively. The nose temperature region is the first heat ex-
change region between the flue gas and the superheater. This
zone has high potential for slagging due to high temperatures.
The furnace exit temperature region is located in the middle of
the heat exchanger area and provides information on whether
post combustion has occurred. The real values of these points
were measured using the Zolo-BOSS (Boiler optimization
spectroscopy sensor) system. The simulation results showed
good agreement with the real values. The simulated and
measured temperature values agreed well, and reasonable
agreement was also obtained for oxygen and Unburned carbon
(UBC). However, the measured NO, values were lower than
that indicated by the simulation, which could be due to a local
leak, such as one at the bottom ash port in the real boiler. En-
trained air can also contribute to NO, generation, increasing

(d) Volatile distribution

(e) Oxygen distribution

(f) Velocity distribution

Fig. 7. Contours of simulated results under 870 MW operating condi-
tions.

fuel NO, by influencing the fuel-rich region with volatile
combustion in the burner zone.

3.1 Normal conditions

Fig. 7 shows contours of simulation results at 870-MW-
performance operating conditions. Fig. 7(a) shows the tem-
perature distribution within the boiler. Hot gases were gener-
ated by the burner and merged along the flue gas direction.
The hot gases display a square, planar shape after the SOFA
area and become narrow with increasing velocity at the nose
location. Both concentrated hot flue gases and increased ve-
locity increase the convective heat transfer of the platen su-
perheater. Figs. 7(b) and (c) show the front- and side-wall
temperatures, respectively. Both the middle (A, B) and top-
level (D, F) burner walls were exposed to hot gas damage,
while the bottom-level (C, E) burner wall was within a safe
temperature range. The middle-side wall also was a high tem-
perature area, because of the middle-level burners being sur-
rounded by top and bottom burners. Figs. 7(d) and (e) show
the concentrations of volatiles and oxygen, respectively. The
greatest release of volatiles from the coal occurred near the
burner, where oxygen consumption was also significant. Cen-
tral locations therefore have very limited oxygen concentra-
tions because most of the supplied air is consumed near the
burner, which contributes to a reduction in fuel NOy by pro-
viding a reducing environment.

Fig. 8 shows contours in horizontal planes at burner loca-
tions A and B. Volatiles were rapidly released near the burner,
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and a flame was formed where contact occurred between the
volatiles and secondary air. Both NH; and HCN were released
with the volatiles and reacted with oxygen. The figure clearly
shows that fuel NO, formed to a large degree where adequate
temperature and oxygen concentrations were present. In addi-
tion, thermal NO, was formed from hot spots where flames
overlapped. The figure illustrates that fuel NO, is the domi-
nant contributor to NO, emissions.

Fig. 9 shows contours of the velocity, flow direction, vola-
tile release area, and burnout of coal near the burner. The TA
and QA nozzle velocities were larger than the PA velocity and
exhibited a swirl effect, which increased mixing between the
fuel and the air. This difference also created a recirculation
zone within the volatile release area.

Fig. 10 illustrates the combustion mechanism of the De-

NO burner and summarizes the results shown in Figs. 8 and 9.

Pulverized coal and primary air first form a concentrated fuel
flow due to the FSR. This plays a role in concentrating parti-
cles within the devolatilization zone. Subsequently, velocity
differences create recirculation flows within the volatile area,
driving the formation of volatile-rich zones and particle
movement. Volatile combustion occurs at the boundary of the
volatile zone where secondary air (SA, TA, QA) has sufficient
oxygen, a relatively high temperature (PA = 330 K; SA, TA,
QA =610 K), and swirl flow (TA, QA). After the pre-volatile
combustion zone, the char particles dispersed by internal re-
circulation flow move into the flame area, and char combus-
tion proceeds. NO, emission could be effectively controlled
through this combustion mechanism. Fig. 8 shows the tem-
perature of the burner and distribution of chemical species. At
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Fig. 10. Combustion mechanism of De-NO,™ burner. FSR = flame
stabilizer ring, PA = primary air, SA = secondary air, TA = tertiary air,
QA = quaternary air burner.
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Fig. 11. Simulated unburned carbon and NOy values before SCR under
E, F burner standby conditions.

the end of the burner nozzle tip, volatile concentration is dis-
tributed, and on the boundary surface, which is in contact with
the secondary air, volatile combustion occurs. Accordingly,
fuel NO, creation is reduced in the fuel rich zone where vola-
tile concentration is high and oxygen concentration is low, but
fuel NO, creation is active in the volatile combustion zone.
We can conclude that the De-NO, burner can be used to effec-
tively control fuel-rich/lean regions and thereby reduce NO,
emissions.

3.2 Effect of standby burner

Not every burner operates under normal conditions. To pre-
pare for an emergency situation, at least one layer (the F or E
burner) was considered to be in standby mode. Fig. 11 illus-
trates the simulated Unburned coal (UBC) and NO, values
under standby conditions for the E and F burners, respectively.
First, there is a difference in UBC between the burners, even
though each burner has an equal load (coal and air flow).
These results can be explained in terms of the particle pathway
and oxygen distribution in the boiler. The fuel supplied to a
bottom burner moves toward the center of the boiler; on the
other hand, fuel supplied to middle or top burners cannot pen-
etrate to the center. This is due to the total mass flow increas-
ing, with the result that the expanded gas volume develops a
strong upward momentum. This produces different particle
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pathways between burners. Consequently, bottom-burner (C
and E) particles are influenced to a relatively small degree by
upper momentum and therefore pass the low-oxygen area (the
center of the boiler), creating large quantities of UBC, even
though bottom-level fuel has a higher residence time than fuel
at upper levels. Accordingly, Fig. 11 shows that when burner
F is the standby burner, the UBC increases, compared to the
case when burner E is the standby burner. Based on the UBC
at each burner position, the UBC value was high for the coal
injected from the bottom burner (C, E), and the standby burner
position had a clear effect on combustibility. For NO, emis-
sion, the result is opposite to that of the UBC. In other words,
when burner F is the standby burner, NO, emission is low.
The NO, result can be explained by the relationship between
NOj and oxygen. For the fuel NO, generated by coal burning,
creation and reduction mechanism occurs in the volatile com-
bustion stage depending on the oxidizing/reducing environ-
ment. Air staging for NO, reduction creates a reducing envi-
ronment in the burner zone, which reduces NO, and causes the
burnout of the unburned carbon in the SOFA zone. The longer
the fuel rich zone, which ranges from air staging burner to
SOFA zone, the greater the effect on NO, reduction. When
burner F is the standby burner, it will have more time than
burner E (standby burner) until it is exposed to staged air,
thereby reducing NO, emission. Fig. 12(a) clearly shows this
effect and also indicates that the NO, level is low when burner
F is the standby burner in the initial burner zone.

Fig. 12 shows the average NO, temperature, and oxygen
variation in the boiler. There are lower oxygen concentrations
with the F burner in standby than with the E burner in standby.
This is due to use of the E burner (with the F burner on
standby), leading to a greater consumption of oxygen by vola-
tile combustion in the bumer zone. Low oxygen concentra-
tions create a more fuel-rich region on the burner zone, lead-
ing to a reduction in the generation of fuel NO,.

3.3 Effect of particle size

The power plant typically uses a 75-um particle size for
PCFBs; however, the combustion regime could be shifted
forward or backward by the coal quality. Changes in both the
nose temperature and furnace exit temperature lead to irregu-
lar efficiency. These, therefore, need to be well controlled for
continuous power generation. Particle size is one of the oper-
ating conditions that can be varied to control coal combustion
and mitigate coal quality problems. Fig. 13 compares the tem-
perature, NO,, and UBC results as a function of the particle
size criterion.

Fig. 14 shows the particle temperature variations for each
condition. The overall trends show that NO, emissions de-
crease with increasing particle size, while UBC increases. The
nose temperature decreases with increasing particle size, but
the opposite applies to the furnace exit temperature. These
results indicate that the combustion area changes with particle
size. When the supplied particle size is smaller, the combus-
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tion is shifted forward because of the increased particle sur-
face area, which results in a higher particle temperature, more
rapid completion of combustion, and possible reductions in
UBC. However, increased particle temperatures greatly in-
crease NO,, creating a hot spot (with a temperature of more
than 1800 K) that significantly accelerates thermal NO, for-
mation. When the supplied particle size is larger, combustion
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is shifted backward because of the decreased particle surface
area, which leads to an increase in UBC. However, NO, de-
creases slightly with decreasing particle temperature, and the
reduced amount is smaller than the 55-pm result, as a result of
thermal NO, not appearing to be a major source.

3.4 Deposition potential

The deposition of molten ash particles is one of the chal-
lenging issues in PCFB operation when low-rank coal is used.
There has been extensive research to model ash transforma-
tion processes using mathematical functions, but it is impossi-
ble for these to provide perfect representations of slagging and
fouling, taking into account ash components, turbulence ef-
fects, size distribution, the combustion environment, and
shedding phenomena. Such models also require a large quan-
tity of experimental data, additional calculation time, and ad-
vanced programming skills to define user functions. More
accurate modeling is needed; however, there is also a need for
simple modeling, using less demanding methods, to determine
the deposition potential using full-scale simulation, even if this
does not include a detailed description of the deposition
mechanisms.

The melting temperature is a key factor in the irregular

(b) Over 90% (DT criteria)

() Over 25% (T25 criteria)

Fig. 15. Direct application of TMA results using logistic functions: (a)
Contours of TMA shrinkage; (b) contours of shrinkage at 90 % thresh-
old (IDT criteria); (c) contours of shrinkage at 25 % threshold (T25
criterion).

characteristics of ash transformation. To obtain a more accu-
rate value for the melting temperature, we examined the TMA
test and derived a logistic function for the TMA shrinkage
value. The logistic function for KPU coal can be expressed as
follows:

TMA Shrinkage(%) = 2.92 / [1 +exp(22.308 - 0.02133Tpﬂ .
@)

The Fluent code accommodates User-defined functions
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(UDFs), and Eq. (7) can be used as a UDF. Fig. 15 shows
contours of the TMA shrinkage results. Fig. 15(a) shows the
particle impact location and TMA shrinkage on a spectrum
from 0-100 %, based on the particle temperature at the particle
impact position. The IDT point is considered to be the sticking
temperature, according to ASTM criteria, and the TMA crite-
ria refer to a shrinkage value of 25 % (T25) for the IDT. The
ASTM IDT point was matched with a 90 % shrinkage value
in the TMA results. Fig. 15(b) illustrates this threshold, where
particles are considered to have deposition potential when IDT
criteria are employed. Fig. 15(c) shows the 25 % threshold
(T25 criterion). Given that T25 is a lower temperature than the
IDT, the results show that this criterion results in greater depo-
sition potential. The majority of the deposition potential is
evident on the platen superheater zone. It was therefore con-
cluded that this zone is susceptible to an ash deposition prob-
lem and that soot blowing may be needed in the red zones in
the figure. Using this method, TMA shrinkage results could be
used for simple description purposes, and the deposition po-
tential can be predicted using full-scale simulation.

4. Conclusions

To understand the combustion characteristics of an 870-
MW wall-fired boiler, a simulation was conducted, and the
results were matched with real-world measurements. Both
standby burner conditions and the effects of particle size were
simulated and analyzed. A TMA analysis was also performed
to determine the actual sticking temperature and predict the
deposition potential.

(1) The simulation results were validated under normal op-
erating conditions and showed good agreement with real-
world values with respect to temperature, NO,, and UBC. The
temperature and species (volatiles, oxygen, NH;, HCN, and
NO,) fields were analyzed to obtain insights into understand-
ing how combustion occurs within the boiler.

(2) Use of bottom-level burners (C, E) was shown to be use-
ful in reducing NO, by creating fuel-rich regions in the burner
zone. However, the UBC increased because of particles pass-
ing through the centerline of the boiler. Conversely, use of
top-level burners (D, F) led to reductions in the UBC but in-
creases in NO,. This counter-effect could be useful when us-
ing high-N-containing coal or low-combustion-quality coal.

(3) The effects of different particle sizes (55 pum, 75 um,
and 95 um) were compared. The results indicate that smaller
particles lead to forward shifts in combustion, increases in
NO,, and decreases in UBC, whereas larger particle sizes lead
to backward shifts in combustion, decreases in NO,, and in-
creases in UBC). Particle size is therefore an effective tool for
use in operational control of coal combustion.

(4) The TMA results show that the sticking temperature is
lower than the IDT. A logistic function was derived to de-
scribe the TMA penetration results of the full-scale simulation.
Locations exposed to high deposition potential were predicted
for purposes of soot blowing.
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Nomenclature

a, : Reaction rate

d, : Particle size

p : Density

R : Gas-law constant

M, : Molecular weight

T : Temperature on Celsius temperature scale

k. : Kinetic rate

A, : Surface area

Hy : Diffusion rate

Yox : Oxidant mass fraction

Pox : Partial pressure of oxidant species in the gas surrounding

the combusting particle

E : Activation energy

A, : Pre-exponential factor

hy : Diffusion rate coefficient
: Mass

t : Time

Ry : Kinetics of char oxidation

T, : Particle temperature
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