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Abstract

To compensate for the instability of renewable energy sources during China’s energy tran-
sition, large thermal power plants must provide critical operational flexibility, primarily
through deep peaking. To investigate the combustion performance and wear and tear of
a 600 MW pulverized coal boiler under deep peaking, the gas—solid flow characteristics
and distributions of flue gas temperature, wall heat flux, and wall wear rate in a 600 MW
tangentially fired pulverized coal boiler under variable loads (353 MW, 431 MW, 519 MW,
and 600 MW) are investigated in this study employing computational fluid dynamics
numerical simulation method. Results demonstrate that increasing the boiler load signifi-
cantly amplifies gas velocity, wall heat flux, and wall wear rate. The maximum gas velocity
in the furnace rises from 20.9 m-s~! (353 MW) to 37.6 m-s~! (600 MW), with tangential
airflow forming a low-velocity central zone and high-velocity peripheral regions. Mean-
while, the tangential circle diameter expands by ~15% as the load increases. The flue gas
temperature distribution exhibits a “low-high-low” profile along the furnace height. As the
load increases from 353 MW to 600 MW, the primary combustion zone’s peak temperature
rises from 1750 K to 1980 K, accompanied by a ~30% expansion in the coverage area of the
high-temperature zone. Wall heat flux correlates strongly with temperature distribution,
peaking at 2.29 x 10° W-m~2 (353 MW) and 2.75 x 10° W-m~2 (600 MW) in the primary
combustion zone. Wear analysis highlights severe erosion in the economizer due to el-
evated flue gas velocities, with wall wear rates escalating from 3.29 x 10~7 kg-m~2.s!
(353 MW) to 1.23 x 107° l<g-m_2-s_1 (600 MW), representing a 40-fold increase under
full-load conditions. Mitigation strategies, including ash removal optimization, anti-wear
covers, and thermal spray coatings, are proposed to enhance operational safety. This work
provides critical insights into flow field optimization and wear management for large-scale
coal-fired boilers under flexible load operation.

Keywords: tangentially coal-fired boiler; computational fluid dynamics; numerical simulation;
wall heat flux; wear

1. Introduction

As China’s energy structure transformation is accelerating, coal-fired power plants,
the primary source of China’s total power generation, are facing increasingly higher re-
quirements for their environmental protection and economy. Coal-fired power plants are
compelled to cope with the changing trend of power generation in the future and operate
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safely under diversified loads. Hence, it is requisite to implement deep peak shaving of
the pulverized coal boiler. Recent empirical studies have demonstrated the feasibility of
achieving deep peak shaving down to 20-34% of rated capacity across various large-scale
coal-fired units, while highlighting critical challenges such as low-load combustion stability,
pollutant control, and economic viability under current compensation schemes [1-3]. As the
main power generation unit of the large-scale power station, the supercritical unit exerts a
pivotal influence on the power plant’s overall operational efficiency to guarantee the safety
of its operation. Owing to its large capacity, the internal flow is more complicated, while
the non-uniformity of the heat flux distribution and temperature field, and wear are more
prominent. Further research on the 600 MW unit can provide important theoretical support
for the operation and optimal design of large coal-fired units. Among differently structured
multiple boilers, the tangentially fired boiler exhibits the characteristics of flexible load
regulation, facilitated by advanced air-staging strategies like over-fire air systems, which
are crucial for maintaining combustion stability and enhancing burnout under low-load
conditions, and strong combustion stability, which makes it widely applied in deep peak
shaving [4-6]. The tangentially fired boiler generates eddy currents in the furnace center
during combustion, causing the flame to fill the furnace. However, when the tangentially
fired boiler runs under diverse loads, the sedimentary characteristics of ash in the furnace
and the wear of the corresponding fly ash on the wall will change [7-10]. Therefore, it is
vital to study and evaluate the boiler’s burning stability and the wear of the furnace wall.

Driven by the promotion of computational fluid dynamics (CFD) software, the appli-
cation of numerical simulation tools to simulate experimental results has been recognized
as a feasible and economical analytical method [11,12]. Scholars predict the processes of
gas—solid heat transfer and gas-solid flow in the flame burning process inside the furnace,
and predict the distribution of internal airflow streamline and temperature field [13-15].
To further explore the flame characteristics inside the furnace under diverse operating
conditions, a series of conditions, in particular the distribution of pulverized coal, coal
quality, air flow rates, and fineness, are altered, and the impact of various factors on the
combustion characteristics is analyzed in a systematic way [16]. In addition to the study of
internal combustion properties, some scholars have noted that the heat flux distribution is
unequal, and the furnace’s unequal heat flux distribution will generate local deformation
and cracking. It will also make the local flue gas heated and repeatedly scour the heating
surface, increasing surface wear [17,18]. Moreover, scholars have studied the wear of
superheaters and other parts during combustion. By analyzing the operation of key compo-
nents in the combustion process, the possibility of component damage is reduced [19-21].
The combustion in a tangentially pulverized coal boiler will produce a non-uniformly
distributed solid particle field. Ash particles impact the wall, causing wear to various
parts of the boiler and affecting its service life. This is the main reason for component
failure [22-24]. Since the distribution of fly ash distribution is related to the heat field and
fluid field of the air flow [25-28], scholars have coupled the properties of solid particles
with the fluid field and thermal field to explore the conditions affecting the degree of wear,
and evaluated the impacts of solid particle properties, number, impact velocity and angle
on the wear rate [29-31]. To decrease the water wall’s wear and other components, the
corresponding anti-wear scheme is analyzed and proposed [32,33]. Currently, to predict the
wear at the bend of the pipeline, the wear model mostly employs the DNV model [34-37].
However, the model pays less attention to the shape and flow characteristics of the solid
particles. The Oka model not only combines the solid particles’ shape and size, but also
combines the motion state of the particle, impact angle, and impact velocity. The model
allows for the analysis of any impact conditions and material types and is more suitable
for simulating the wear of the boiler heating surface [38,39]. The Oka model is selected in
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this study. Recent advances in CFD-based erosion modeling continue to demonstrate its
effectiveness in predicting material degradation by capturing critical flow parameters such
as particle trajectories, impact conditions, and wall shear stress distributions in complex
systems [40]. At present, the Oka model has been utilized to calculate the wall wear in
the boiler’s combustion process. Although the Oka model has seen application in general
boiler wear calculations, a significant research gap exists regarding its application to an-
alyze the combustion characteristics and associated erosion behavior, specifically under
deep peak-shaving conditions in large-scale units. Crucially, detailed CFD investigations
focusing on the 600 MW tangentially fired pulverized coal boiler configuration operating
under such demanding, flexible load regimes are lacking in the literature. Therefore, the
primary novelty of this study lies in employing the advanced Oka erosion model within a
comprehensive CFD framework to investigate the coupled combustion dynamics, particle
trajectories, and resultant wall wear in a 600 MW tangentially fired pulverized coal boiler,
specifically during deep peak-shaving operation. This targeted investigation differentiates
the present work from previous CFD studies on pulverized coal boilers.

In this study, a simulation model coupling combustion, heat transfer, and wear process
is established by using Fluent software (Ansys FLUENT 2022 R1 version), and a 600 MW
tangentially pulverized coal boiler is selected as the research object. The gas velocity
distribution, furnace temperature distribution, wall heat flux distribution, and heating
surface wear in the furnace under 353 MW, 431 MW, 519 MW, and 600 MW loads are
simulated and calculated. Offering a reference for the optimal design and operation of
large coal-fired units.

2. Models and Methods
2.1. Research Object

In this study, a 600 MW tangentially fired furnace is selected as the research object. The
firing mode is a four-corner tangential combustion arrangement, and three BBD4060A steel
ball mills (Shenyang Heavy Power Station Equipment Manufacturing Co., Ltd. Shenyang,
China) are equipped. The size of the boiler furnace is 34.0 m wide, 37.9 m deep, and 64.0 m
high. Table 1 provides the main design parameters. The design coal and check coal of
this project are Shenhua Wanlichuan bituminous coal. The coal’s ultimate and proximate
analysis for boiler design is displayed in Table 2.

Table 1. Boiler main parameters.

Parameter BMCR ECR
Superheated steam flow rate (t-h™1) 2023.00 1760.00
Superheater outlet steam pressure (MPa) 17.50 17.29
Superheater outlet steam temperature (°C) 541.0 541.0
Reheat steam flow rate (t-h~1) 1689.2 1482.0
Reheater inlet/Outlet steam pressure (MPa) 3.95/3.75 3.46/3.28
Reheater inlet/Outlet steam temperature (°C) 328.0/541.0 315.0/541.0
Economizer inlet feedwater temperature (°C) 281.0 272.0
Economizer inlet feedwater pressure (MPa) 19.26 18.70
Boiler pressure (MPa) 18.27 18.35

The minimum load of 58% (353 MW) was selected as the practical stability limit
for pulverized coal combustion without auxiliary support, consistent with operational
data from 600 MW boilers where loads below 55-60% exhibit significant combustion
instability [41]. Ultra-low loads (<40%) require burner structural modifications beyond the
flow optimization scope [42].
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Table 2. Properties of fuels.

Ultimate Analysis (%) Proximate Analysis (%) Qnet ar
Parameter KI-k "1
Var Aar Mar FCy: Car Har Oar * Nar Sar (J-kg™h
Design coal 27.84 1039 1480 4646  52.20 247 0.98 8.42 0.73 18.852
Check coal 28.17 9.12 19.80 4282  50.90 2.70 0.50 10.83 0.82 18.160
* By difference.

2.2. Computational Model and Verification
2.2.1. Physical Model and Grid Division

The main components of the furnace include an ash hopper, furnace, overall platen
superheater, rear platen superheater, platen reheater, final reheater, final superheater, low
temperature reheater, and economizer. The water-cooled wall and heat exchangers at all
levels are simplified without thickness. The physical model is established according to the
boiler’s physical construction. The overall structure is displayed in Figure 1.
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Final Reheater ‘409 - -
Overall Platen Final Superheater F |\
Superheater Low Temperature 0 g 1o EF
g -
Superheater %r: E
Economizer =z [T |pE
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Figure 1. Furnace model and burner arrangement. (a) furnace geometry; (b) furnace cross-section;
(c) burner distribution.

Ansys ICEM CFD 2022 R1 is applied to mesh the boiler’s three-dimensional model.
The mesh of the burner nozzle region is encrypted to ensure accurate simulation. The
processed model grid structure is illustrated in Figure 2.

(a) Vertical section (b) Cross-section

Figure 2. Mesh division.
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To calculate gradients across all variables, the Least Squares Cell-Based method—the
default option in Fluent—is employed [43]. This approach is well-suited to the compu-
tational demands of large boiler models, ensuring both acceptable computational cost
and accurate, stable gradient evaluation on the unavoidable unstructured mesh elements
encountered in such complex geometries [44].

2.2.2. Boundary Conditions

The boiler load variation is primarily translated into the thermal boundary condition
via the fuel feed rate. Higher load demands a proportional increase in the mass flow rate
of pulverized coal injected into the furnace, thereby elevating the total heat input and
the core combustion zone temperature. Correspondingly, the flow boundary conditions
(primary and secondary air mass flow rates at the inlets) are scaled proportionally with
the boiler load. This scaling ensures the stoichiometric air-fuel ratio is maintained across
different operating loads while simultaneously affecting the inlet velocity profiles and
the overall momentum of the gas flow within the furnace. Therefore, for each simulated
load case (e.g., 353 MW, 600 MW), the key simulation inputs—namely the pulverized coal
mass flow rate and the combustion air mass flow rates—were directly derived by scaling
their respective design values according to the ratio of the operating load to the rated
boiler capacity. Load-specific design parameters and combustion settings are provided in
Tables 3 and 4.

Table 3. Boiler Design Operating Parameters.

Unit Load (MW) 353 431 519 600
Coal feed rate (t-h™1) 206.92 268.22 309.32 304.69
Primary air flow rate (th™1) 481.63 585.31 561.46 559.20
Secondary air flow rate (th™h 842.18 959.19 1288.16 1512.86
Primary air temperature (K) 373 373 373 373
Secondary air temperature (K) 625 625 625 625
Main steam flow rate (t-h™1) 1898 1760 1275 871
Steam temperature (K) 814 814 814 807

Table 4. Burner Zone Classifications and Inlet Velocity Settings.

Unit Load (MW) 353 431 519 600
AA 11.67 13.29 17.85 20.96
A 14.77 14.78 13.32 14.65

AB 20.93 23.84 32.02 37.61
B 17.30 17.56 15.96 16.66

BC 20.93 23.84 32.02 37.61
Burner inlet C 17.31 17.96 15.78 17.58
velocity CD 20.93 23.84 32.02 37.61
(m-s—1) D 15.65 15.61 14.02 15.23
DE 20.93 23.84 32.02 37.61
E 3.64 18.97 15.39 16.71
EF 20.93 23.84 32.02 37.61

F 6.18 6.06 12.76 6.06
FF 21.28 24.23 32.55 38.22

OFA 21.28 24.23 32.55 38.22
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The Lagrangian discrete phase model was employed to simulate pulverized coal parti-
cle trajectories. The coal particle size distribution followed a Rosin—-Rammler distribution
with a minimum diameter of 0.01 mm, a maximum diameter of 0.25 mm, and a mean
diameter of 0.056 mm. The spread parameter (polydispersity index) was set to 1.5, and the
particle sizes were discretized into 10 groups to resolve polydisperse characteristics.

2.2.3. Mathematical Model

Coal particles were modeled as spheres within the Lagrangian framework. This
spherical representation is commonly employed in full-scale boiler CFD studies for its
computational efficiency and has been shown to provide reliable predictions of bulk flow
behavior in large-scale industrial systems involving particulate flow [45]. The thermophys-
ical properties of the coal particles, including specific heat capacity, thermal conductivity,
and radiation absorption coefficient, are detailed in Table 5.

Table 5. The thermophysical properties of the coal particles.

Parameter Value
Density (kg:m™1) 1400
Specific heat (J-kg~1- K1) 1680
Vaporization temperature (K) 400
Volatile component fraction (%) 24.92
Binary diffusivity (m?-s~1) 4x107°
Swelling coefficient 14
Burnout stoichiometric ratio 2.67
Combustible fraction (%) 59.43

Fluent fluid calculation software was employed for the steady-state calculation. The
particle-gas flow coupling was modeled as a two-way interaction within the Discrete
Phase Model (DPM) framework. The Standard k — ¢ two-equation turbulence model
is selected to ensure the simulation accuracy [46]. The fundamental control equations
comprise the energy equation, the momentum equation, the continuity equation, and the
state equation. Choosing the Weighted-Sum-of-Gray-Gases (WSGGM) model to simulate
the gas absorption coefficient [47]. In addition, the Discrete Ordinates (DO) method
is adopted to calculate the radiative heat transfer [48]. To resolve radiative intensity
gradients, 2 x 2 divisions (32 directions) and 3 x 3 pixels are adopted, ensuring robustness
on unstructured meshes while limiting computational cost. The SIMPLE (Semi-Implicit
Method for Pressure-Linked Equations) algorithm was employed to resolve pressure-
velocity coupling [49]. The combustion of gas phase and carbon phase will be described by
the finite rate/eddy dissipation model and the kinetic/diffusion-controlled reaction rate
model. And the mass, momentum, and energy balance equations controlling the volume
are as below:

ap =y
o + V- (ptt) = Sm )
d
E(pﬁ)Jrv(pZﬁ) — —Vp+pg + Smy @)
d
5 (0E) + V- (0(pE + pRT)) = V - (Aeff - VT) + Sy, 3)

where p is the working medium density, kg-m~3; p is the working pressure, MPa; E is the
total energy of the working medium, J-kg~!; R is the gas constant, ]-mol~}-K~!; T is the

working medium temperature, K; A is the effective thermal conductivity, W-m LK 1;

3.1 2.2

Sm, Smy and Sy, are mass source term, kg-m™>-s7*, momentum source term, kg-m~--s7%,

and energy source term, W-m >, respectively.
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After the furnace’s combustion calculation has converged, the Oka model in Fluent is
selected to predict the wall wear rate. The model comprehensively considers the material
hardness of the collision wall and the characteristics of the collision, including the angle and
speed of the solid particles. The Oka model was selected for wear rate prediction due to its
well-established validity for erosive wear by coal particles impacting metallic surfaces, as
demonstrated in both controlled experiments and studies of power plant components [50].
The model reliably captures the dependence of erosion rate on impact velocity, angle, and
particle/material properties, making it particularly suitable for comparative analysis of
wear mitigation strategies in this study. The material properties and impact conditions
predicted by the CFD simulations fall within the validated range of the model parameters.
The wear rate calculation formula of the Oka model is:

E = Eao (V/Vieg) ™ (/) 1) @
Ego = k(Hp)"t ®)
f() = (siny)™ (14 Hy(1 - siny))"™ (6)

where E is the wear rate, Eqg is the wear rate when the particles impact with the wall
vertically at 90°, kg-s’l -m~2; H, is the material hardness of the impacted surface; V is the
impact velocity of particles, m-s~!; V. is the reference velocity of particles, m-s~!; d is
particle diameter, m; d. is reference diameter, m; the other parameters are related to the
characteristics of the wall particles, and the specific values are shown in Table 6.

Table 6. Parameter settings in the Oka wear model.

Parameter Egg k1 k> ks n 1y
Value 6.057 0.12 2.35 0.19 0.8 1.3

The heat transfer between the flue gas and coal particles was comprehensively mod-
eled by enabling bidirectional energy coupling to dynamically resolve temperature ex-
change between the discrete and continuous phases. Convective heat transfer was calcu-
lated through the energy equation, while radiative transfer was simulated using the DO
method to account for direction-dependent radiation absorption and scattering by particles.

2.2.4. Grid Independence Verification

Several groups of models with separate numbers of meshes are selected for grid-free
verification, and the uniform temperature of the horizontal interface at each height is
observed (as shown in Figure 3). From the figure, the trend in average temperature at
the horizontal interface of the furnace under several sets of grids is the same as that of
the height. The simulation accuracy of the two sets of grids, with the number of grids of
1,342,284 and 1,657,720, is high. However, as the mesh becomes denser, compared with the
grid group with the number of grids of 107,382, the calculation time and the computational
resources will also increase. Considering the calculation accuracy and the computational
resources consumed, this study selects the model of 1,342,284 grid for simulation.

2.2.5. Model Verification

Compared with the boiler design values, verification confirms the reliability of results
from numerical simulation. The results are displayed in Table 7. From the table, the gas
temperature deviation at the furnace outlet is 0.29%, while the deviation at the rear screen
inlet is 0.51%. It is believed that the reliability of the selected numerical model is preferable.
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Figure 3. Mesh independence test.
Table 7. The comparison between CFD results and boiler design values.
Parameter CFD Result Design Value Deviation (%)
Furnace outlet temperature (K) 1344 1340 0.29
Rear platen superheater outlet temperature (K) 1751 1760 0.51
Furnace Outlet Gas Temperature (K) 1344 1340 0.29
Lower Furnace Outlet Temperature (K) 1751 1760 0.51
Working Fluid Temperature of Separator (°C) 325.05 328.00 0.90
Oxygen Content of the Flue Gas at Economizer Outlet (%) 2.85 2.90 1.72
CO Content of the Flue Gas at Economizer Outlet (%) 0.92 0.90 2.22
NO, Content of the Flue Gas at Economizer Outlet (mg-m’3) 3314 337.1 1.69

3. Results and Discussion
3.1. Velocity Analysis

The gas phase velocity field can directly reflect the flow characteristics of pulverized
coal flow and affect its combustion. Thus, it is imperative to analyze the law for reasonable
optimization. In general, the airflow gradually diffuses after entering the furnace from
the nozzle, leading to a steady decline in airflow rigidity along the direction of the jet. In
addition, in the four-corner tangential boiler, the airflow will be affected by the adjacent
corner airflow and change direction, and finally form a tangential circle with a good filling
degree in the core combustion zone. The velocity near the center of the tangent circle and
the wall is low, and flue gas flows back on the fire side and the back root of the primary air.
This is beneficial to the pulverized coal particles” ignition and combustion.

Figure 4 exhibits the air flow velocity distribution in the cross-section of the furnace
nozzle under different loads. A tangent circle is created in the furnace by the four-corner
airflow. The tangent circle’s diameter is larger than the imaginary tangent circle’s diameter.
And the low-speed zone in the furnace is presented, which conforms to the general law of
the four-corner tangent circle. As the boiler load goes up, the air flow velocity escalates
significantly. Under the load of 353 MW, the maximum and minimum flow velocities of air
flow on the cross-section are 12.7 m-s~! and 0.426 m-s~!, respectively. When the load in-
creases to 600 MW, these parameters escalate significantly, with maximum velocity reaching
33.2m-s~! and minimum velocity rising to 1.78 m-s~!. This substantial increase in velocity
magnitude has profound implications beyond flow structure. Higher velocities generally
reduce particle residence time within specific furnace zones. However, the observed devel-
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opment of a more coherent circular pattern and the ~15% expansion of the tangent circle
diameter (from 353 MW to 600 MW) indicate a crucial compensating effect. The enlarged
rotational flow path effectively increases the overall trajectory length for particles and
gases within the core combustion zone before they exit upwards. As the load went up
from 353 MW to 600 MW, the tangential airflow in the furnace developed a more coherent
circular pattern, with the tangent circle diameter expanding by approximately 15% due
to intensified rotational momentum and enhanced aerodynamic symmetry under higher
operating conditions. Increased fuel and air supply is accompanied by enhanced combus-
tion reactions, generating greater flue gas production. This elevated mass flow rate directly
increases gas velocity within the furnace. The resulting higher flow momentum causes the
rotational airflow pattern to expand radially, thereby enlarging the tangent circle diameter.
This expansion is beneficial for combustion efficiency at high load. The larger tangential
circle improves the spatial distribution of combustion, promoting better mixing of fuel and
air across a wider central area of the furnace. This enhanced mixing mitigates localized
oxygen deficiency and leads to a more uniform temperature distribution radially. Conse-
quently, while peak gas temperatures might not increase linearly with load, the volume
of the furnace effectively utilized for combustion increases, contributing to higher overall
heat release and more uniform heat flux distribution on the furnace walls. The observed
velocity increase, coupled with the larger tangent circle, suggests a more vigorous and well-
distributed combustion process at 600 MW, likely translating to improved burnout rates.
As shown in Figure 4, airflow streamlines exhibit tangential distribution with rotational
characteristics. This pattern is formed through aerodynamic interactions between adjacent
combustion jets, creating directional modifications in horizontal velocity distribution.

[m/s]

5000 (mm)

(c) 519 MW (d) 600 MW

Figure 4. Gas velocity distribution of the nozzle cross-section under different loads.
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3.2. Internal Temperature Distribution

Figure 5 indicates the gas temperature distribution of the boiler center longitudinal
section. As the load grows, the overall temperature level rises notably, and the high-
temperature zone’s range expands. Under the load of 353 MW, the high temperature area
accounts for about 1/2 of the furnace area, and the maximum temperature is 1.75 x 10° K.
When the load reaches 600 MW, the maximum temperature does not change significantly,
but the high temperature zone almost occupies the entire boiler interior, so the overall
temperature rises markedly. This significant expansion of the high-temperature zone
volume at 600 MW, despite a stable peak temperature, indicates a substantial increase in
the furnace’s effective heat release capacity and a more uniform thermal load distribution
radially. To meet the higher load demand, the working intensity of the boiler burner
rises, the combustion rate accelerates, the fuel supply grows, and the release of heat from
the combustion increases, which makes the volume of the primary zone expand. The
temperature rises with height. It increases at the lower height and then decreases gradually
at the higher height. This is owing to the absence of fuel combustion in the ash hopper
area at the lower part of the furnace, so the temperature is significantly cooler than the
temperature in the primary zone. As the height rises to the main burning area of the
boiler center, the gas flow and the pulverized coal are fully mixed and burned violently,
leading to an evident temperature growth in this area and the burner zone. While the
height rises to the burnout area, the supply of air and pulverized coal is insufficient, and
the combustion intensity is weakened. Meanwhile, the water-cooled wall’s heat exchange
in the furnace makes the temperature continue to decrease, so the temperature gradually
decreases. The temperature generally presents a “low-high-low” distribution. The gas
temperature distribution above the primary zone in the figure adopts an obvious hump
shape. Considering the gas velocity distribution in the transverse section, the reason lies
in the boiler’s middle part is the most uniform zone of airflow distribution. The flue gas
movement is stable, while the flow rate is moderate. Furthermore, the unburned pulverized
coal and the oxygen provided by the overfire air are fully blended during the rising process.
Different from the area near the furnace wall, it will not be subject to wall friction and
water wall cooling, so it continues to burn in the central area and eventually generates a
high-temperature region. With the surrounding wall unremittingly assimilating the flue
gas heat, a significant decline in the outer air temperature and a mild decline in the inner air
temperature. Finally, a hump-shaped temperature distribution is formed above the primary
zone. This characteristic hump profile, sustained by central combustion intensity and
peripheral cooling, directly shapes the longitudinal heat flux distribution on the furnace
walls, typically exhibiting a peak corresponding to this high-temperature core zone.

3.3. Heat Flux Distribution

Figure 6 shows the heat flux distribution across the facing wall and the lateral wall
of the boiler. The wall heat flux is negative, indicating that the wall is in an endothermic
state, and the heat exchange in the boiler is dominated by radiant heat exchange. This dom-
inance of radiation is further supported by the observed high-temperature zones within
the furnace core, as radiant heat transfer scales strongly with the fourth power of absolute
temperature. Higher absolute values of wall heat flux correspond to enhanced heat transfer
rates and increased thermal energy absorption by the furnace wall. The figure shows that
the heat absorption distribution on the furnace wall is positively correlated with the boiler
load. The main factor is that when the boiler load increases, the air temperature level
also rises, which consequently impacts the water-cooled wall heat absorption distribution.
Under 353 MW load, the furnace wall’s maximum heat absorption is 2.29 x 10° W-m~2. As
the load goes up to 600 MW, the maximum heat absorption increases to 2.75 x 10° W-m~2.
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The observed thermal absorption enhancement is primarily attributed to elevated combus-
tion air temperatures governed by boiler load increments. Maximum furnace wall heat
flux measurements demonstrate load-dependent characteristics, with values rising from
2.29 x 10° W-m~2 at 353 MW to 2.75 x 10° W-m~2 under 600 MW operation. The combus-
tion between the horizontal plane of the primary air AB nozzle and the overfire air nozzle is
the most intense, so the temperature level of this part is high, and a large amount of radiant
heat is diffused around. This region corresponds to the peak heat flux observed along the
furnace height, highlighting the direct link between localized combustion intensity, gas
temperature profiles, and wall heat absorption patterns. Accordingly, the elevated thermal
intensity in the furnace’s central zone enhances the radiant heat exchange between adjacent
water walls significantly. While the ash-cooled hopper and the area above the flame angle
have lower temperatures, the amount of radiation is less, and the water-cooled wall’s heat
absorption is consequently lower. The side wall heat flux distribution shows asymmetry, as
seen in the figure. This uneven pattern is caused by non-uniform mixing of pulverized coal
and air flow in different furnace zones, which directly influences combustion efficiency.
The distribution of heat flux can be improved by monitoring in real time to maintain com-
bustion stability and adjusting operating parameters in time. Such mixing non-uniformity
can lead to localized variations in oxygen concentration and temperature, creating pockets
of differing combustion intensity that manifest as the asymmetric heat flux distribution on
the walls.

1800
1680
1560
1440
1320
1200 (a) 353 MW
1080
960
840
720
600

0 20 (m) 0 20 (m)

(b) 431 MW

[K]

0 20 (m) 0 20 (m)

(¢) 519 MW (d) 600 MW

Figure 5. Temperature distribution on the longitudinal surface of the furnace under different loads.
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Figure 6. The heat flux distribution of the front wall and the right wall of the furnace under different
loads.

3.4. Wear Analysis

Pipe wear on the heating surface of a coal-fired boiler is a main problem affecting
the stable operation and safety of a coal-fired boiler. A large amount of ash is produced
during the operation of the boiler by coal combustion flows with the airflow, causing a
severe impact on various components in the furnace. The results of numerical simulations
show that the most severely worn heating surfaces in the boiler are the low temperature
superheater, final superheater, flame angle, and economizer. The severe wall wear in these
areas is caused by the unequal distribution of ash particles, the high flue gas flow rate, and
the rapid movement of ash particles. These critical wear zones often correlate strongly
with regions of high local gas velocity (Figure 4), significant particle concentration, or
where complex flow patterns (like the intense tangential rotation in the upper furnace near
the flame angle) direct particles towards the walls. The maximum wear rates for these
parts are summarized in Table 8. As the load grows, the maximum wear rate of the low-
temperature superheater rises from 1.23 x 1078 kg-m=2:s7! t0 1.12 x 107® kg-m~2:s7!,
and the wear rate of the final superheater, flame angle, and economizer also rises. The
primary reason is that increased boiler load enhances airflow, increasing jet velocities and
overall gas movement in the furnace. This directly raises the speed and kinetic energy
of coal/ash particles carried by the airflow. Under the action of inertia, the impact force
generated when these particles collide with the internal parts of the furnace increases, and
the probability of secondary collision of solid particles with the components increases,
resulting in an amplification in the maximum wear rate of each component. Furthermore,
elevated temperatures at higher loads (Figure 5) may slightly soften ash particles or alter
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their viscoplastic behavior, potentially influencing their erosion characteristics upon impact,
although the dominant factor remains the kinetic energy increase. As demonstrated in
Figure 7 that the maximum wear rate of the economizer is the fastest at all loads. It is
3.29 x 107 kg-m~2:s~! at 353 MW load and 1.23 x 107> kg:m~2-s~! at 600 MW load. The
maximum wear rate increases by nearly 40 times. This stems from the fact that the wear rate
exhibits direct proportionality to the square of flue gas velocity, almost. The economizer is
located in the tail flue of the boiler with a small cross-sectional area. Higher boiler duty
makes the flue gas velocity rise rapidly, so the wear rate escalates more. Spatial erosion
distribution (Figure 8) with velocity contours would vividly illustrate how the highest
wear zones in the economizer align precisely with the highest velocity channels. While the
overall airflow velocity rises, especially close to the furnace wall significantly increases, it
may cause the flame to wash the wall, which in turn makes the furnace surface slagging
and the wear of the components in the furnace, resulting in the wall thinning, affecting
the boiler’s performance and safety, jeopardizing the boiler’s safe operation. This “flame
washing” effect is particularly detrimental in areas like the flame angle, where the intense
tangential flow patterns (Figure 4) can concentrate high-velocity particle-laden streams
against specific wall sections, leading to localized severe wear. To effectively reduce the
wear, the following control measures can be taken: regular cleaning of the furnace ash,
increasing the dust removal equipment, reducing the density of solid particles in the exhaust
gas; install anti-wear cover or anti-wear plate in the wear-prone area; thermal spraying
technology is applied on the surface of wear-prone parts to enhance their wear resistance.

Table 8. Maximum wear rate.

Load (MW)

Maximum Wear Rate (x10—5 kg-m—2.5s~1)

Low-Temperature

Superheater Final Superheater Flame Angle Economizer

353 0.00123 0.00272 0.00127 0.0329
383 0.00369 0.00411 0.00243 0.0892
407 0.00205 0.00179 0.00923 0.0823
431 0.0126 0.0139 0.0122 0.138
463 0.0741 0.0129 0.0860 0.154
492 0.0118 0.0348 0.152 0.104
519 0.0308 0.0559 0.185 0.740
546 0.0507 0.268 0.241 0.270
574 0.0979 0.223 0.357 1.21

600 0.112 0.216 0.382 123

1.4

| —— Low temperature superheater
—a— Final superheater

| —— Arch nose

—o— Economizer

—_— [
(=) [\
Tt 1 1
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Figure 7. The maximum wear rate of some areas under different loads.
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Figure 8. Spatial erosion distribution.

4. Conclusions

The gas—solid two-phase flow characteristics in the furnace of a 600 MW tangentially

pulverized coal boiler are simulated with a numerical method. The research focuses on the

analysis of the operation characteristics of the boiler across a variety of load conditions and

obtains the important parameters such as the distribution of airflow streamline, temperature

field, wall heat flux distribution and the maximum wear rate of key components in the

furnace, which supplies a theoretical foundation for enhancing boiler’s operational safety

and combustion efficiency. The primary conclusions are as follows:

@)

@)

®)

Under different load conditions, the air flow in the furnace is well filled. Due to
the impact of the jet, the airflow in the furnace displays obvious rotational flow
characteristics. The velocity distribution exhibits that in the boiler center exist a low-
velocity region exists, the velocity in the surrounding area is high, and the velocity
in the near-wall area decreases again. This flow field structure effectively improves
the adherent phenomenon of the primary air jet and significantly minimizes the
risk of slagging. The research confirms that with the load’s escalation, the overall
flow velocity and near-wall flow velocity demonstrate a proportional growth. The
maximum flow rate reaches 33.2 m-s~! at 600 MW load.

The furnace temperature field presents the distribution characteristics of “low-high-
low” along the height direction. In the principal burning section, the coal-air mixing
is sufficient, and the burning is violent, forming a temperature peak area, and the tem-
perature distribution in the main burning zone’s upper part displays a “hump-shaped”
temperature distribution, that is, the central area is hotter than the surrounding re-
gions. Temperatures in the center area can reach over 1600 K. As the load increases, the
primary zone expands, the burning intensity increases, and the overall temperature
level increases significantly.

The heat flux distribution of the water wall is significantly correlated with temperature
patterns. In the high-temperature combustion-intensive region, the water-cooled
wall’s heat absorption reaches its peak. As the rise of boiler load, the area with higher
heat absorption expands, and its maximum value also increases accordingly. An
increase in load from 353 MW to 600 MW resulted in an enhancement of maximum
heat absorption from 2.29 x 10° W-m~> to0 2.75 x 10° W-m~2. The water-cooled wall
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heat flow uniformity can be improved by real-time monitoring of furnace combustion
and reducing load changes.

(4) The study on the dynamics of fly ash particles illustrates that the velocity and kinetic
energy of solid particles escalate with the escalation of the load, which leads to the
growth of the wear degree of the boiler’s internal parts and water wall. Where
the maximum wear rate of the coal economizer increases with load, its maximum
wear rate increases nearly 40 times. The wear rate can be effectively reduced by
adding dust removal equipment, regular cleaning, anti-wear equipment, and thermal
spraying surface treatment technology to optimize the boiler’s operational reliability
and stability.
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