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Abstract: The opposed wall-fired boiler is widely used in Chinese power plants due to its adaptability.
However, deviations from design conditions can cause the reduction of combustion efficiency and
combustion stability, and the overheating of heating surfaces. This study conducted numerical
simulations on a 600 MW supercritical opposed wall-fired boiler at 75%, 50%, and 30% Turbine
Heat Acceptance (THA) load conditions. The variation of temperature field and heat flux in the
furnace under different loads, and parameters such as distributions of heat flux, temperature, and
the stress of the high-temperature heating surface are analyzed. Results indicate that reducing the
load from 75% to 30% THA lowers the furnace outlet temperature from 1158 to 1009 K and reduces
the average gas temperature of the high-temperature heating surface from 1800 to 1570 K. Under
a high load, the maximum heat flux concentrates on the side water-cooled wall of the combustion
zone. However, when the load decreases, the heat absorption shifts towards the main combustion
zone. Furthermore, under a high load, the average wall temperature of the high-temperature heating
surface remains at 1600 K with a uniform temperature distribution. In contrast, when the load drops
to 30% THA, significant temperature differences appear on the heating surface, with a maximum
difference of 400 K. This leads to excessive expansion and slagging on the high-temperature heating
surface, particularly in the middle and lower sections, due to the increased stress. These findings
offer valuable insights for optimizing the combustion characteristics of opposed wall-fired boilers
and preventing overtemperature explosions on the platen heating surface.

Keywords: supercritical opposed wall-fired boiler; wall temperature distribution; stress distribution;
high-temperature heating surface; numerical investigation

1. Introduction

In recent years, the energy industry has encountered numerous challenges, includ-
ing environmental regulations and the imperative for transitioning to diversified energy
sources. As part of the solution, renewable energy sources (RESs) have actively integrated
into power system networks, steadily increasing their share [1]. With the Chinese proposal
of the strategic goal of “2030 carbon peak, 2060 carbon neutral” in China, the proportion of
renewable energy power generation is gradually increasing, which means that the propor-
tion of coal-based thermal power generation is declining. Large boilers in coal-fired power
plants are facing long-term medium- or low-load operation. However, due to the instabil-
ity of renewable energy, the large-scale utilization of intermittent wind energy and solar
energy has produced many challenges to the stable dispatching and operation of the power
system [2]. Therefore, coal-fired power generation has to increase again and coal-fired
power plant boilers need to be adjustable and operate stably under both low and high load
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conditions [3]. In China, coal-fired power plants frequently employed opposed wall-fired
boilers because of their superior performance in air-powder mixing and consistency in
heat load distribution [4].

The wall-fired boiler stands out as a prevalent furnace type in coal-fired power plants,
employing an independent flame arrangement to ensure stable combustion, even at mini-
mal loads [5]. Improper regulation of variable load operations in the boiler can lead to a
decline in combustion efficiency, an increase in pollutants, and the occurrence of operational
accidents such as flameout, overheating of the heating surface, and tube bursts. A reduction
in load can elevate the wall heat flux. During the initiation of the boiler from a cold state,
the rapid escalation in tube temperature may induce substantial thermal stresses, resulting
in exfoliation and the accumulation of steam-side oxide scales [6]. The optimal operating
load of coal-fired boilers is 70-100% of the rated electrical load and the operation of boilers
at less than 70% of the rated load belongs to low-load operation [7,8]. China’s thermal
power unit design is mostly based on the basic load as the set working condition, and
the general unit load regulation ranges between 40% and 100% Turbine Heat Acceptance
(THA), which is generally only 40% to 50% of the peak capacity. Compared to Germany,
Denmark, and other developed countries, where more than 70% of the peak capacity is
utilized, there is still a big gap [9]. As the capacity of the boiler increases, the boiler operates
under different temperature and pressure conditions, which can easily cause the uneven
distribution of the heat load, resulting in the uneven distribution of heating surface tem-
perature and stress, resulting in problems such as water pipe rupture and membrane wall
expansion deformation. This poses a significant threat to the secure functioning of the boiler,
particularly the opposed wall-fired boiler. The heating surface in contemporary boilers
is subjected to various unfavorable working conditions. These include high-temperature
and low-temperature corrosion induced by distinct chemical components on the flue gas
side, deposit and corrosion within the water tube, fly ash erosion, and deposition on the
convective heating surface, as well as fouling and slagging [10,11].

Researchers have done much work related to the temperature and heat flux distribu-
tion in the furnace and on the heating surfaces [12-15]. In recent years, numerical simulation
technology has gradually become an important means of studying the combustion char-
acteristics of boilers. For the calculation of boiler temperature distribution, numerical
models based on computational fluid dynamics (CFD) are commonly utilized [16-20]. To
prevent the boiler’s high-temperature heating surface from failing, many researchers have
conducted studies on the working condition of the boiler’s heating surface. Some scholars
have studied and tried to improve the combustion conditions in the furnace to create better
working conditions for the heating surface [21-23]. The unavoidable effect of stresses
during boiler operation was further investigated [24,25]. Other scholars researched the
high-temperature corrosion behaviors of boiler heating surface materials [26,27].

However, there are few studies on the temperature distribution in the furnace and
the variation in the wall temperature and stress of the heating surface under variable
load conditions in opposed wall-fired boilers. Meanwhile, all of them may lead to serious
operational problems or even accidents. Therefore, this paper calculates the heat load
distribution and temperature field distribution in the furnace and the wall temperature and
stress distribution of high-temperature heating surfaces in the furnace under 75% THA, 50%
THA, and 30% THA conditions. In addition, this paper monitors the heat load distribution
in several key cross-sections to derive the distribution of velocity and temperature fields,
which offers valuable insights for optimizing the combustion characteristics of opposed
wall-fired boilers and preventing overtemperature explosions on the platen heating surface.

2. Calculating the Condition of the Boiler Equipment

The numerical simulations are executed on a 600 MW supercritical opposed wall-fired
boiler. Figure 1 shows the boiler structure. The height, width, and depth of the furnace are
72,500, 22,162, and 54,865 mm, respectively. The boiler is a spiral-coil direct-current furnace
with supercritical parameter-variable pressure operation, a single furnace, intermediate
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reheating, a front and rear wall hedge combustion mode, balanced ventilation, solid-state
slag discharge, an all-steel suspension structure I1 boiler, and an indoor layout coal boiler.
The boiler adopts a completely tight seal.
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Figure 1. Structure diagram of the boiler. (a) Boiler main view, 1 is the high-temperature superheater,
2 is the high-temperature reheater; (b) Boiler side view; (c) Boiler stereogram; (d) Air and fuel inlets.

2.1. Flue Gas and Air Supply

A forced draught fan sends the air to the two three-compartment air preheaters. The
flue gas transfers heat to the heated primary air mixed with cold primary air into the
pulverizer, then into the pulverized coal burner arranged in the front and rear walls. The
heated secondary air enters into the burner wind box and then into the secondary air inside
each burner through the regulating baffle and the outside secondary air channel. At the
same time, part of the secondary air enters into the burnout air nozzle in the upper part of
the combustor.

2.2. Main Boiler Parameters

Table 1 shows the main parameters of the boiler.

2.3. Burner Condition

The burner divides the air for combustion into four parts: the primary air, the inner
secondary air, the outer secondary air, and the center air. The specific structure is shown in
Figure 2. The primary air duct outlet possesses a greater thickness and expansion of the
cone to enable primary and secondary air separation and the formation of an angle, to form
a stable annular backflow region through the high speed of the primary and secondary
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air suction volume in the range of the angle (Figure 3). Under the combined action of the
above factors, the pulverized coal gas can catch fire quickly and timely after leaving the
burner nozzle and burn stably.

Table 1. Boiler main parameters.

B-MCR
. . . BRL
Name Unit (Boiler Maximum .
. . (Boiler Rated Load)
Continuous Rating)

Superheated Steam Flow Rate th! 2025 1913.1
Superheater outlet steam pressure MPa 25.4 25.26
Superheater Outlet Steam Temperature °C 571 571
Reheat Steam Flow Rate th™! 1712.8 1621
Reheater inlet steam pressure MPa 4.66 4.42
Reheater Outlet Steam Pressure MPa 4.46 4.23
Reheater Inlet Steam Temperature °C 324 318
Reheater Outlet Steam Temperature °C 569 569
Economizer inlet feedwater temperature °C 283 279

Central air
A

outer Front water-
secondary air 'cooled wall
+ center line

Figure 3. Schematic diagram of the backflow region.

3. Modeling Methodology
3.1. Modeling and Grid

A 3D model of the supercritical opposed wall-fired boiler according to the data ac-
quired from the power plant was developed in SOLIDWORKS 2022. To facilitate the mesh
division, the calculated furnace is divided into five regions according to the model charac-
teristics (as shown in Figure 4). These are the cold ash hopper region, the burner region,
the upper region of the burner, the arch nose region, and the furnace outlet region. All five
areas adopt structured grids, and the interface is set up to calculate the data connection
between the regions.
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Figure 4. Calculation of furnace partitions.

As the cold ash hopper region has little influence on the accuracy of the numerical
simulation calculation, the number of grids in the cold ash hopper region is appropriately
reduced. The burner area is in a state of high-temperature combustion, which requires
a high calculation accuracy. Therefore, all entrances and the whole area are properly
encrypted, and the remaining areas are divided into grids according to the characteristics of
the model. The platen superheater and high-temperature superheater are replaced with a
flat surface without thickness. The overall grid of the completed boiler is shown in Figure 5.
Domestic and foreign scholars often use numerical simulation methods to predict thermal
deviation and wall temperature. In order to simplify the calculation process, the boiler
heating surface is always set as a uniform wall temperature [28-30], uniform working
medium temperature [31], and uniform heat flux [32].

T

wwoos‘z.

Figure 5. Mesh division.

As shown in Figure 6, the high-temperature superheater is simplified into a plane
with a thickness of 0, called heating surface 1, and the high-temperature reheater is also
simplified into a plane with a thickness of 0, called heating surface 2.



Energies 2024, 17, 663

6 of 20

WwGey v

!

ww91°8eg

heating surface

Figure 6. Schematic of heating surface mesh.

3.2. Numerical Methods

The pulverized coal combustion process in a coal-fired boiler encompasses a complex
series of chemical and physical phenomena, including turbulent flow, heat transfer, and
combustion reactions. Numerical simulations were conducted using the Simple algorithm
and three-dimensional steady-state calculations. For turbulent modeling, the realizable k-¢
model was chosen due to its precise prediction capabilities for swirling flow and intense
recirculation [33]. Simulations of pulverized coal particle movement were executed using
the Discrete Phases Model (DPM) [34]. To simulate radiation heat transfer, the P-1 model
was employed since the cell-based Weighted-Sum-of-Gray-Gases Model (WSGGM) is a
very poor approximation that may yield large errors [35]. The absorption coefficient of flue
gas was determined using the domain-based WSGGM model [36]. The Probability Density
Function (PDF) model was utilized for calculating non-premixed combustion gas-phase
turbulent combustion. To predict the devolatilization process, a Two-Competing-Reaction
model proposed by Kobayashi et al. was selected [37]. The Kinetics/Diffusion-Limited Char
Combustion model was employed to simulate coke combustion. The Particle Radiation
Interaction method was applied to track coal particles [38]. Boundary conditions were
established based on wind speed and temperature data for the burner center air, primary
air, inner secondary air, and outer secondary air inlets under varying loads. The power
plant provided data on coal quality analysis, fuel consumption, and the number of burner
layers. Describing the particle phase involved employing the Lagrange method, and a
mathematical model was developed using this approach. The Lagrange method treats fluid
and particles as inter-penetrable continuous media, providing simplified calculations while
effectively tracking complex particle trajectories [39].

Various computational techniques have evolved over the years for modeling flows
involving suspended particles. The first category of methods involves computing the
velocity and pressure fields of the fluid flow around each individual particle through the
numerical solution of the Navier-Stokes system [40]. Hydrodynamic forces acting on
each particle are then calculated based on the fluid flow solution and incorporated into the
equation governing particle motion. In the studies by Hu [41] and Hu et al. [42], the velocity
and pressure fields of the fluid flow were determined using the finite element method. The
finite element mesh included nodes positioned along the fluid—solid boundaries, and these
nodes moved in tandem with the particles.

3.3. Mathematical Model and Model Parameters for Numerical Simulation

Here are the main solving equations.
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3.3.1. Realizable k-¢ Model

Generalized form equation:

J d J
2 (oU) + 2 (Vo) + 2 (pWe) = & (To32) + 3 (Te3 ) + 2 (To3E) +Sp (M

k-equation:
J J _9 p) 9k e
g(pk) + afxl (pku]) = on; (}l + (7k> ax] + G + Gy pE Yum + Sk (2)
e-equation:
0 0 9 Ut O & €
&(PS) + a—xj(psu]) = aTC][(V + E)BTC]] +pCqSe — PCZW + ClsECC’)eGb +Se (3

3.3.2. Lagrangian Stochastic Tracking Model

Force balance equation with the forces acting on the particle (for the x direction in
Cartesian coordinates):

d —
My b (g —y) + S0P

T o + Fy (4)

Instantaneous momentum equation for the particle:

av,

Particle trajectory equation:

Xp = /updt,yp = /vpdt,zp = /wpdt (6)

3.3.3. P-1 Model

Radiation heat flux g, equation:

1

"= 3o —Coy O @

3.4. Stress Solution

Under the action of the load, the six stress components on any element divided on the
elastic body, including the normal stress and shear stress along the three coordinate axes,
satisfy the following relations:

aUx aTyx asz

ox |y + 0z Tx=0

doy Ty 0Ty B

@ I + e +Y=0 (8)
aUZ aTxx aT]/Z

+=2 4+ =E+z=0

9z ox ay

where 0y, 0, and 0; are the three-way normal stress perpendicular to the external surface
of the microelement, Txy, Tyx, Txz, Tzx, Tyz, and Tzy are the shear stress parallel to the external
surface of the microelement, and X, Y, and Z are the components of the unit volume force
along the three coordinate directions.

Ty = Tyx, Tz = Tzx, Tyz = Tzy ©)
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3.5. Grid Independence Testing

To verify the independence of the grid, boiler models with 2.4 million, 3.1 million, and
3.8 million grids were calculated, respectively. The calculation results are shown in Figure 7.
When the number of grids is 3.1 million and 2.8 million, the average temperature of the
furnace section has practically the same distribution along the furnace height, while the
difference is obvious when the number of grids is 2.4 million. Finally, the total number of
grids was determined to be 3.1 million.

1800
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=
© 1500
=
B
S
o 1400
(=%
=
()
= 5 3
1300 | —=— 2.4 million
—e— 3.1 million
e
1500 - —4— 3.8 million
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0 10 20 30 40 50 60
Height (m)

Figure 7. Grid independence testing.

3.6. Boundary Condition

The boundary conditions of numerical simulation include conventional entrance
conditions, wall conditions, and exit conditions. The inlet boundary conditions are mainly
the inlet conditions of each nozzle of the burner, including the velocity, temperature, and
turbulence intensity of all levels of air (the primary air, the inner secondary air, the outer
secondary air, the center air, and overfire air), as well as the mass flow, velocity, temperature,
and particle size distribution of the pulverized coal particles at the nozzle of each layer of
pulverized coal burner. The inlet mass flow rate and temperature of the pulverized coal
burner nozzle are given according to the design parameters, and the gas phase of the air
(primary and secondary air, etc.) is determined by each wind speed and wind temperature.

For pulverized coal particles, besides speed and temperature, particle characteristics
are also considered. The particle size is Rosin-Rammler distributed, the minimum particle
size is 10 um, the maximum particle size is 100 um, and the average particle size is 60 pm.
No velocity slip and no mass penetration conditions are adopted on the solid wall surface
of the calculation area. The first type of boundary condition is selected for the heat flow
wall condition, and the wall temperature and emissivity are 690 K and 0.3, respectively. The
outlet boundary of the calculation area is the horizontal plane in front of the superheater,
which is described by the free outlet boundary condition.

3.7. Differential Approximations for Radiative Heat Transfer in Combustion Systems
Containing Particles

A radiative model must not only achieve acceptable accuracy but also exhibit sufficient
efficiency for incorporation into coupled numerical modeling of turbulent combustion prob-
lems [43]. In combustion systems, radiation serves as a crucial mode of energy transport
for various reasons [44]. Firstly, high-temperature combustion devices necessitate the con-
sideration of heat transfer through diffusion, convection, and radiation. Energy losses from
the reaction region govern processes such as flame quenching and flame evolution near
walls [44]. Secondly, the heat transfer rate from reactants and/or post-reaction combustion
products to the load and/or containment walls of the chamber is determined by convection
and radiation [44].
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In approximating the scattering function, commonly used methods include expansion
in a series of Legendre functions or describing the main maxima of the scattering function
through several delta functions with associated weight coefficients. Some combinations
of these two approaches are also employed [45,46]. The simplest approximations of each
method are well known. If one is restricted to two terms in expansion in terms of the
Legendre functions, the result is the linear anisotropic approximation [47]:

- =
D, (o) = 14 3, popo = Q- Q (10)

where 7z, is the asymmetry factor of scattering:

(11)

B 1 A Oye, (@ 0)a
My = a1 /(

477)

3.8. Case Conditions

The furnace temperature, heat flux, platen heating surface’s temperature, and stress
distribution under 75% THA, 50% THA, and 30% THA operating conditions are calculated.
The burner inlet sizing conditions are shown in Table 2, and the axial air velocity and air
temperature at each air outlet vary according to the load.

Table 2. Equivalent diameter of each burner duct.

Internal Outer

Primary Center Overfire Overfire
Name Air Secondary  Secondary 7, Air1 Air2
Air Air
Duct
equivalent 0.597 0.178 0.207 0.105 0.588 0.172

diameter (m)

The actual fuel consumption under 75% THA, 50% THA, and 30% THA loads of
the plant is 259.67, 175.83, and 145.73 t h™1, respectively. The total primary air volume
is 427,200, 310,590, and 265,809 kg h1, respectively. The total secondary air volume is
1,321,149, 978,839, and 850,809 kg h1, respectively. The total amount of overfire air is
96,695,17,712, and 41,616 kg h~1. The excess air ratio is 1.24, 1.29, and 1.34, respectively.
Coal quality analysis is shown in Table 3.

Table 3. Coal analysis.

Element Caaf Hya¢ Ogas Ngat Sdat
Daf (%) 77.94 5.41 14.5 0.95 1.2
Name FCar Var Mar Aar Qar,net
Percentage (%) 29.27 34.09 19.00 17.64 18.41 (M]-kgfl)

4. Results and Discussion
4.1. Verification of Numerical Simulation Accuracy

To verify the accuracy of the numerical simulation calculation, the temperature mea-
surement point in the furnace under the 75% THA condition provided by the power plant
was compared with the corresponding point simulation calculation value. The results are
shown in Table 4. The relative errors are within 5%, indicating that the calculation of the
accuracy is sufficient and the simulation results can be used to discuss the analysis.
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Table 4. Comparison of field measurement points with numerical simulation data.

Numerical Simulation

Comparison Items Measurement Point Value Value Relative Error (%)
Furnace outlet temperature (K) 1197 1185 1.02
Outlet temperature in the area of arch nose (K) 1687 1664 1.38

4.2. Numerical Simulation of the Furnace
4.2.1. Furnace Flow Distribution

The simulation in this study quantifies the flow field distribution within the central
section of the furnace. As depicted in Figure 8, the overall flow field in the furnace is
symmetrically distributed in the front and rear walls, and the ejector gas from the front
and rear wall burners is congregated in the middle of the furnace. In the upper part of the
combustion area, the overfire air is injected into the furnace.

vector-1
Velocity Magnitude

4884

cantour-1
Velacity Magnitude

4884

4395 4397

39.07 39.11

3419 3424

2930
2937

2442
2450

1954
19.64
14.65
1477
977

488

0.00
(mis)
(mis)

(a)

Figure 8. Flow field distribution in the center section of the furnace chamber. (a) Velocity cloud of the
furnace cross-section; (b) Furnace cross-section velocity vector.

It has strong rigidity and high wind speed and can force the flue gas into the middle
area of the furnace. The velocity of flue gas at the top of the furnace and the upper part of
the arch nose region decreases sharply and backflow occurs. The distribution of the flow
field is similar to the results from other scholars [48,49].

Based on the structural data of the boiler, longitudinal cross-sections (XZ plane) were
extracted at three elevations within the burner area, specifically at 23.204 m (third layer),
18.192 m (second layer), and 13.179 m (first layer), as illustrated in Figure 9a. These cross-
sections were analyzed to investigate the flow field and temperature distribution within the
combustor. Within the burner region, a portion of the airflow introduced into the chamber
via the lowest burner is directed towards the cold ash hopper area, while the remaining
airflow from the burner ascends, carrying the heat generated during combustion.

From Figure 9b, at the exit of the lower burner, the DC central wind and the primary
wind are rigid enough to pass through the backflow region into the middle region of the
furnace chamber. The inner secondary wind and the outer secondary wind exit produce a
backflow region, in which the flue gas temperature is very high, and it can roll and suck
the unburned coal particles to promote combustion.
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Figure 9. Vector diagram of burner cross-section velocity. (a) Schematic cross-section of the burner
section; (b) Vector diagram of the velocity of the lowermost burner section.

4.2.2. Temperature of the Furnace under Different Loads

Particles entrained in the combustion gas can be categorized into carbonaceous (coal,
char, and soot) or non-carbonaceous/inorganic (fly ash). Carbonaceous particles are pre-
dominantly located in the firebox region, while fly ash may be the sole type of particle
remaining in the heat absorption region [49]. In furnace heat transfer calculations, optical
constants of coals are deemed of secondary importance to char since the devolatilization
time of coal is generally insignificant compared to the char burn-out time [49]. Therefore,
this article will not delve into this aspect.

Figure 10 shows the temperature distribution of the central section of the furnace
under different operating loads. Figure 11 shows the temperature distribution of the front
wall under different operating loads.

contour-1
‘Static Temperature

2390.26

contour-1
Static Temperature

2366.12
2167.50
1968.88
1770.27
1571.65
1373.04
1174.42
975.81
777.19
578.57
379.96
(k)

(b) (c)

Figure 10. Temperature distribution of furnace center section under different loads (a) 75% THA;
(b) 50% THA; (c) 30%THA.

2186.23
198221
1778.18
1574.16
1370.13
1166.10
962.08
758.05
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Figure 11. Temperature distribution of the front wall under different loads (a) 75% THA; (b) 50%
THA; (c) 30%THA.
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At75% THA, the flame-filling degree in the furnace is the highest and a large amount of
unburned carbon enters the upper part of the furnace to burn. The maximum temperature
in the upper part of the furnace reaches 1520 K, which can easily cause slagging of the
platen superheater. At the same time, more desuperheater water is needed to control the
temperature of the superheated steam. With the decrease of the load, the flame temperature
in the furnace decreases and the high-temperature area shrinks and gradually concentrates
in the burner outlet area.

From Figure 11, with the reduction of the boiler load, the flame-filling degree
decreases. At 75% load, the high-temperature area is concentrated in the burner area,
the pulverized coal burns well, the temperature distribution is uniform on the left and
right walls of the furnace, and the maximum temperature in the combustion area reaches
approximately 2300 K. With the decrease of the load, the flame in the furnace will shift,
and the temperature of the right wall is obviously higher than that of the left wall, which
makes the slagging of the water-cooling wall of the left wall more likely. The flame-filling
degree gradually decreases and the overall temperature in the furnace decreases more
when the load reaches 30%.

To study the influence of load change on the pulverized coal combustion of the burner
tissue, the temperature distribution cloud maps of the central cross-section of the three-layer
burner under 75%, 50%, and 30% THA load were intercepted, respectively, as shown in
Figure 12. From the figure, the swirling secondary air enrolls 1500 K high-temperature flue
gas to the root of the primary air jet to heat and ignite the pulverized coal, thus maintaining
the stable combustion of the boiler. The outward expanding swirling secondary air forms a
barrier in front of the water wall of the front and rear walls of the main combustion area,
which can prevent the pulverized coal particles from burning near the water wall, so as
to effectively prevent slag formation and corrosion in the area and reduce the probability
of burner burning damage. Part of the pulverized coal sprayed into the burner near the
side wall of the furnace will reach the middle of the side wall of the furnace and burn,
increasing the temperature of the area and reaching 1700 K when the load is more than 50%
THA, indicating that the area prone to slag formation and corrosion of the boiler is mainly
located in the middle of the water cooling wall of the side wall of the burner area.
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Figure 12. Temperature distribution of each burner section under different loads.

4.2.3. Heat Flux Distributions of the Furnace Wall under Different Loads

Furnace heat load as a measure of the flue gas flow rate in the furnace and pulverized
coal combustion intensity of a key indicator. Its high and low values are directly related to
the furnace cross-section, and whether the combustion region of the water-cooled wall is
slagging or not. Therefore, the calculation of the heat load of the furnace wall, as well as
the distribution of the heat load under different operating conditions, is shown in Figure 13.
All wall heat loads are negative due to wall heat absorption.

In most of the furnace chambers for radiation heat transfer, the burner area temperature
is higher, coupled with the hedge nozzle and the flame bias side of the wall with the highest
local heat load. Under conditions of 75% THA, the heat load is higher on the wall near the



Energies 2024, 17, 663

14 of 20

contour-4
Total Surface Heat Flux

(wim2)

-12782.12

-45624.71

-78467.30

-111309.89
14415248
-176995.08
-200837.67
-242680.25
-275522.84
-308365.44
-341208.03

()

nozzle in the main combustion area and above the cold ash hopper. In the upper part of
the burner area, the heat load is evenly distributed and the arch nose has little effect on the
distribution of heat load.

contours
Total Surface Heat Flux
-9959.24

contour3
Total Surface Heat Flux
-10322.78

-41605.76 -41126.79

-72888.73 -7229433

-104171.71 -103461.88

SEREG -134629.42

-166737.67 s
-198020.66
-196964.52
22930363
-228132.05
-260586.61
-259209.59
-291869.59
-323152.56 -290467.16

(wim2)

-321634.69

(wim2)

(b) (©)
Figure 13. Furnace heat load for different conditions. (a) 75% THA; (b) 50% THA; (c) 30%THA.

Under conditions of 50% THA, the heat load is higher on the right wall of the furnace.
Due to the reduction of the operating load and the reduction of the coal feed, the flame
temperature is lowered and heat absorption decreases, but the heat load is higher on the
right wall of the furnace and in the first and second layers of the burner area. However,
in the right wall of the furnace and the first two layers of the burner area, the heat load is
higher and the heat absorption is large.

Under conditions of 30% THA, the heat absorption of the furnace is further reduced.
At this time, the temperature field and the velocity field of the furnace are lower, and the
overall heat absorption is reduced compared with the previous two conditions. However,
there is still a high heat load area in the right wall. The water-cooled wall area on the right
wall of the furnace should be protected against slagging, wear, and expansion. As the load
is reduced, the heat load distribution in the furnace becomes more uniform, indicating
that the heat absorption is uniform, and the load reduction will improve the heat load
distribution on the wall.

4.3. Numerical Simulation of Heating Surfaces 1 and 2
4.3.1. Temperature Distribution Analysis of Heating Surfaces 1 and 2 under
Different Loads

Furthermore, it is crucial to direct attention to the temperature distribution across the
heating surface. An uneven temperature distribution can result in excessive thermal stress
on the heating surface, leading to worse expansion. Positioned in the upper region of the
furnace, the platen superheater plays a multifaceted role in heat absorption. It absorbs
both direct radiation emanating from the high-temperature flame within the furnace and
space radiation from the flue gas that interfaces with the heating surface. Monitoring the
temperature distribution within the platen superheater is imperative. By assessing the
temperature distribution cloud across the platen superheater’s heating surface (1 and 2)
within the furnace, critical insights and preliminary conditions for addressing these issues
can be obtained. The results of this analysis are displayed in Figure 14.

Analysis of the figure reveals that the temperature difference between the three work-
ing conditions of heating surface 1 is large, according to the temperature distribution law.
The temperature gradually decreases from the bottom to the top of the process, with the
highest temperature at the bottom. This is because the part, in addition to absorbing radia-
tion heat transfer from the flame of the burner area, also absorbs the high-temperature flue
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gas (approximately 1850 K) in the upper part of the furnace chamber. Therefore, the focus
should be on the study of high-temperature heating surface slagging and wear problems in
this region. The overall temperature of heating surface 2 is less than heating surface 1 be-
cause it is subjected to less radiative heat transfer from the high-temperature flame. Specific
temperature distributions for all sections of heating surface 1 under varying operational
conditions are provided in Figure 15. Similarly, Figure 16 presents detailed temperature
distributions across all segments of heating surface 2 under different working conditions.
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Figure 14. Distribution of the temperature of the platen heating surface for different working
conditions. (a) 75% THA; (b) 50% THA; (c) 30% THA.
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Figure 15. Overall heating surface 1 temperature distribution. (a) 75% THA; (b) 50%THA; (c) 30% THA.



Energies 2024, 17, 663 16 of 20

o
Total Temperature
158438

1520.03
1473.69
141835
1363.00
1307.66
125231
1196.97
114162
1086.28
1030.94

contours
Total Temperature

1493.89
144754
140120
1354.85
130851
1262.16
121581
1169.47
1123.12
1076.78
103043
(k)

(c)

Figure 16. Overall heating surface 2 temperature distribution. (a) 75% THA; (b) 50% THA; (c) 30% THA.

Heating surface 1 exhibits a prevailing higher temperature profile, with some regions
exceeding 1800 K. To address this condition, it is imperative to implement anti-slagging
measures and install expansion measurement devices at the lower regions of heating
surface 1. These measures are essential for preventing excessive expansion. Conversely,
heating surface 2 demonstrates a distinctive temperature distribution pattern. The highest
temperature concentrations are observed within the central area of this heating surface,
coinciding with the region of maximum thermal stress. Consequently, the central area of
heating surface 2 warrants significant attention.

4.3.2. Stress Distributions of Heating Surfaces under Different Loads

Figure 17 shows the thermal stress distribution of two high-temperature heating
surfaces under different loads. When the high-temperature heating surface 1 is under a
75% THA load, the maximum thermal stress area is in the bottom of the platen. According to
the temperature (Figure 11) distribution in the furnace, this area is in the high-temperature
area of 1700 K. The bottom of the platen absorbs not only the radiation heat transfer from the
high-temperature flame but also the convection heat transfers from the high-temperature
flue gas generated by combustion. The temperature difference is large, with the maximum
temperature difference reaching 200 K, so the thermal stress in this region is the largest. In
the actual operation of the boiler, more attention should be paid to the slagging formation
in this area.

With the decrease of the operating load, the stress in the upper part of the platen
superheater decreases and the high-stress area transfers downward. However, the stress in
the bottom of the platen area is still high, indicating that the bottom of the platen area is a
region with large thermal stress regardless of the operating load, so it is necessary to pay
attention to the expansion of the heating surface and the overtemperature explosion of the
tube in this area.
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Figure 17. Stress distribution of two high-temperature heating surfaces under different loads.

For high-temperature heating surface 2, the large thermal stress area is concentrated
in the middle of the heating surface. At 75% THA, the high thermal stress area is in the
middle area of the heating surface. As the load decreases, the area with high stress increases
because the distribution of the flow field and temperature field in the furnace becomes
more uneven as the load decreases. As shown in Figure 14, the maximum temperature
difference is approximately 400 K. No matter the load level, the heat stress in the middle
and lower right of heating surface 2 is higher, indicating that this area is prone to excessive
expansion of the heating surface, which should be paid attention to. The uneven flow
rate of the working medium, the mismatch between the flow rate of the working medium
and the heat load, and the difference in heat transfer effect all lead to excessive thermal
deviation, so that the thermal stress in the middle region of heating surface 2 is larger.
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5. Conclusions

For the numerical simulation study of combustion characteristics under 75% THA,

50% THA, and 30% THA loads of a 600 MW supercritical opposed wall-fired boiler, the air
flow process and pulverized coal combustion process in the furnace and the combustion
characteristics are studied. At the same time, the wall temperature and stress distribution
at the top of the furnace with different loads are analyzed. The following conclusions can
be drawn:

@

@)

®)

4)

In a supercritical opposed wall-fired boiler under high load conditions, the furnace
flame is filled with a high degree of uniform temperature distribution in the furnace
chamber, the distance of the fuel ignition point from the burner outlet of each layer is
shorter, the fuel comes from the primary air outlet after rapid combustion, and the
pulverized coal combustion rate is high. When the load is reduced, the furnace flame
is filled with a reduced degree of narrowing of the combustion area. The burner can
effectively combust the fuel under high loads, but the temperature inside the furnace
chamber is too high when the load is high, so it is necessary to have burner protection
measures to prevent the burner exit temperature from being too high and damaging
the burner. When the load is lowered, the flame is close to the left and right walls of
the furnace chamber, so there are certain requirements for the temperature resistance
of the left and right walls and their water-cooled walls.

Upon reducing the operational load of the boiler, several notable changes are observed.
Firstly, the outlet temperature of the furnace experiences a decrease, transitioning from
1158 K to 1009 K. Concurrently, the average temperature within the platen superheater
area decreases from 1800 K to 1570 K. With the decrease of the airflow velocity in the
furnace, the enrolling capacity of the swirling secondary air on the high-temperature
flue gas and the mixing capacity of the exhaust air on the rising flue gas are gradually
reduced. Consequently, these changes result in a gradual decrease in temperature
within the upper region of the furnace, facilitating the progressive concentration of the
high-temperature flame on the operating burner within the main combustion zone.
At elevated operational loads, the temperature distribution across the heating surface
1 exhibits uniformity, primarily around 1600 K. Notably, the bottom platen registers
notably high temperatures, with the maximum temperature reaching 1900 K. How-
evet, as the load diminishes, a notable shift occurs in the temperature distribution
across heating surface 1. Specifically, an uneven temperature distribution emerges,
marked by a substantial temperature gradient between the middle and lower seg-
ments, with the maximum temperature differential reaching 400 K. This transition
precipitates a significant surge in stress within this region, consequently yielding
excessive expansion of heating surface 1. In the case of heating surface 2, the higher-
temperature region predominantly occupies the central segment, with an overall
temperature level inferior to that of heating surface 1. Remarkably, the temperature
distribution maintains relative uniformity during load variations, with the maximum
stress manifesting in the central region of heating surface 2.

Under high-load conditions, the focal point of maximum heat flux within the furnace
wall primarily resides in the sidewall of the primary combustion region. Notably,
the burner area and the upper section of the burner receive a substantial heat flux.
However, as the operational load decreases, the heat flux gradually converges toward
the main combustion zone. In the range of 75% to 50% load, the heat absorption within
the main combustion zone remains relatively constant. In the platen superheater area,
when the load is reduced, the radiation heat absorption gradually decreases and the
convection heat absorption increases.
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