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ABSTRACT

In this paper, the combustion conditions in the boiler furnace of a 660 MW tangential fired pulverized coal boiler
are numerically simulated at 15% and 20% rated loads, to study the flexibility of coal-fired power units on ultra-low
load operation. The numerical results show that the boiler can operate safely at 15% and 20% ultra-low loads, and
the combustion condition in the furnace is better at 20% load, and the tangent circles formed by each characteristic
section in the furnace are better, and when the boiler load is decreased to 15%, the tangent circles in the furnace
begin to deteriorate. The average flue gas temperature of different areas of the furnace shows that when the boiler
furnace operates under ultra-low load conditions, the average smoke temperature of the cold ash hopper at 20%
load is basically the same as the average smoke temperature at 15% load; in the burner area, the average smoke
temperature of the cold ash hopper at 20% load is about 50 K higher than that at 15% load; in the burned out area,
the average smoke temperature of the cold ash hopper at 20% load is slightly higher than that at 15% load. The
average temperature of flue gas in the furnace showed a tendency to increase rapidly with the height of the furnace,
then slow down and fluctuate the temperature in the burner area, and finally increase slightly in the burnout area
due to the further combustion of combustible components to release heat, and then began to decrease.
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1 Introduction

Out of the various pulverized coal boilers in operation, the four-corner pulverized coal fired boiler
stands out as the most extensively utilized and technologically advanced type, holding a significant
share in the overall deployment of pulverized coal boilers [1]. Therefore, the deep peak regulation
and flexible operation of coal-fired power units is a major trend in the development of the national
energy industry [2–5]. When the coal-fired power unit undertakes the task of peak shaving, with the
decrease of the load rate of the unit, the temperature in the furnace decreases, the combustion structure
deteriorates, and the stability of the flame deteriorates, so it is necessary to analyze the combustion
status in the furnace [6–9]. Considering that the combustion process of boilers is very complex, and
the traditional experimental methods are expensive and difficult to solve theoretically [10].
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Wang et al. [11] introduced a novel approach aimed at enhancing denitrification efficacy by
leveraging a Channel Selection Convolutional Neural Network (CS-CNN). This network model
was employed to forecast NOx emissions stemming from coal-fired boilers across both stable and
transient operational conditions. In addition, it helps to predict NOx emissions at the entrance of the
Selective Catalytic Reduction (SCR) system. At the same time, computational fluid dynamics (CFD)
software has become a popular tool to simulate combustion dynamics in boilers [12]. Addressing
the escalating demands of peak grid regulation mandates, traditional thermal power generation
necessitates collaboration with grid operators to function at diminished, even ultra-low, loads [13].
To ameliorate the issue of erratic combustion within furnaces during low-load operation, numerous
scholarly proposals have been advanced. For instance, Chang [14] undertook an evaluation of burner
angle and arrangement effects on boiler performance under low-load conditions by prognosticating
flow fields, temperature distributions, species concentration distributions, and NOx emissions within a
630 MW tangential-fired pulverized coal boiler. Sun et al. [15] employed a three-dimensional numerical
simulation method to investigate the combustion dynamics of pulverized coal within a tangentially-
fired ultra-supercritical boiler. Addressing the challenges of diminished combustion stability and
elevated NOx emissions in coal-fired boilers during low-load operation, Laiyun et al. [16] conducted
simulations to assess the impact of various operational parameters on burner stability and pollutant
emissions within a 660 MW supercritical cyclone tangential-fired boiler under diverse operational
regimes at reduced loads. The simulation outcomes underscored the efficacy of adjusting operational
modalities, primary air rates, and pulverized coal particle sizes in ameliorating low-load combustion
conditions in the boiler. Ti et al. [17] effectively enhanced the ignition performance and NO reduction
capabilities of the 660 MW boiler at half-load by modifying the ignition position of pulverized coal,
adjusting the burner nozzle distance, and controlling the coal feeding rate. Subsequently, a significant
reduction in unburned carbon within fly ash was observed, while carbon content in slag exhibited
a consistent increase. Furthermore, Zhang et al. [18] demonstrated that under low-load or even
ultra-low-load conditions, optimizing ignition distance, employing lower ignition heat values, and
maintaining elevated furnace temperatures effectively ensured combustion stability within the furnace
chamber of the pulverized coal boiler.

In addition, Wang et al. [19] proposed a novel cyclone burner (NSB) arranged with eccentric
secondary air to improve the stability of low-load combustion in the boiler chamber during deep peak
shaving. Du et al. [20] arranged a set of oil-fired secondary air at the position of the 600 MW boiler
furnace parallel to the pulverized coal gas flow, and participated in the combustion of pulverized coal
when the boiler was running at low load. Their research shows that this structural modification can
achieve low-load stable combustion of down-combustion boilers while showing the characteristics of
high efficiency and low NOx emissions (This novel technology presents the characteristics of high
efficiency and low NOx emission while realizing low-load stable combustion of down-fired boilers).

Additionally, Wang et al. [19] introduced a novel cyclone burner (NSB) configuration featuring
eccentric secondary air deployment aimed at enhancing combustion stability in the boiler chamber
during deep peak shaving operations. Meanwhile, Du et al. [20] implemented a supplementary
set of oil-fired secondary air units positioned parallel to the pulverized coal gas flow within a
600 MW boiler furnace. These units actively participated in coal combustion during low-load opera-
tion, yielding promising results in achieving stable combustion at reduced loads in down-fired boilers
while maintaining high efficiency and minimizing NOx emissions. This innovative technology demon-
strates the capability to realize stable combustion at low loads in down-fired boilers while exhibiting
high efficiency and low NOx emission characteristics. Qiao et al. [21] conducted industrial experiments
to investigate the performance of a flue gas cyclone furnace under varying load conditions: high load
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(300 MWe), medium load (230 MWe), and low load (150 MWe). They analyzed furnace temperature
and key operating parameters. Results indicated that as boiler load decreased, flue gas temperature and
pulverized coal heating rate declined, ignition position was delayed, overall heat load and total heat
release of the boiler decreased, near-wall temperature decreased significantly, and slag tendency of the
furnace water wall decreased. Ma et al. [22] examined the combustion stability and NOx emission char-
acteristics of a 300 MW boiler operating at ultra-low loads via experiments and numerical simulations.
They employed the local mean stoichiometric ratio (LMSR) to predict corrected NOx concentration
in flue gas at the furnace outlet under ultra-low load conditions. Jiang et al. [23] utilized numerical
methods to simulate the flow field characteristics, combustion stability, and pollutant emissions of a
boiler operating at half-load conditions. They adopted a segmented allocation approach with a 5%
overfire air (OFA) and 15% secondary overfire air (SOFA) ratio as the specified operating conditions.
However, the excessive air resulted in an elevation of nitric oxide emissions (NOx) and a significant
reduction in combustion temperature within the furnace, consequently lowering the furnace outlet
gas temperature (FEGT) and affecting steam temperature. Remarkably, the simulation outcomes of
the optimization scheme demonstrated close alignment with field test results. Furthermore, several
scholars [24–28] have demonstrated that by implementing a well-designed super-combustion air (OFA)
distribution, boilers can exhibit robust performance under low-load conditions.

This paper conducts numerical simulations to analyze the combustion behavior of a 660 MW
tangential coal powder boiler operating at 15% and 20% of its rated load within a specific power
plant. The study focuses on investigating the flexibility of deep peak shaving operations in coal-fired
power units. Results include the temperature distribution, velocity distribution, and changes in furnace
temperature with furnace height of the boiler furnace flue gas under various ultra-low load conditions.
These findings offer theoretical insights to guide the practical operation and optimization of similar
boiler types.

2 Boiler Overview and Grid Structure
2.1 Boiler Introduction

The research focus of this paper revolves around the 660 MW ultra-supercritical “�” type
boiler. This boiler exhibits distinctive structural attributes including primary intermediate reheating,
operation under ultra-supercritical pressures, single furnace design, balanced ventilation, solid slag
discharge mechanism, all-steel frame construction, full-suspension structure, and a tightly integrated
closed arrangement. The boiler configuration adopts a “�” shape, with the overall arrangement of the
boiler and burner distribution illustrated in Fig. 1.

The burner configuration consists of distinct zones progressing from upstream to downstream,
namely the lower combustion zone, the upper combustion zone, and the secondary overfire air (SOFA)
wind zone. Illustrated in Fig. 1, the A, B, and C layer burners correspond to the coal-fired primary air
nozzles of the lower burners, while the D, E, and F layer burners represent the coal-fired primary air
nozzles of the upper burners. Within the lower burner areas, the coal-fired secondary air nozzles are
denoted as AA, AB, AB2, BC1, BC3, and CC, whereas the corresponding nozzles for the upper burners
are labeled as DD, DE1, DE3, EF1, EF3, and FF. Additionally, BC2 signifies the fuel secondary air
nozzles in the lower burner areas, while DE2 and EF2 represent the fuel secondary air nozzles in the
upper burner area. Finally, FF designates the end secondary air nozzle.
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Figure 1: Overall boiler arrangement and burner distribution

The boiler employs the four-corner tangential firing method, with primary burners situated at
the four corners of the water wall. Each layer of the boiler features four burners, with each set of
four corresponding to a coal mill. Additionally, Ash Wind (SOFA) burners are positioned at the four
corners of the water wall above the primary burner area. Currently, the power plant utilizes coal of the
designed type, ensuring relatively stable coal quality during operation, closely aligning with industrial
analysis and design coal specifications.

In the ultra-low load conditions investigated in this study (15% and 20% load), only two mills, A
and B, are operational. Specifically, mill A exclusively burns pure Zhundong coal, while mill B employs
a stable blending of Zhundong coal and kaolin at a ratio of 92:8. The industrial coal analysis is detailed
in Table 1.
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Table 1: Coal industrial analysis

Component Unit Number

Full moisture/Mt % 29
Air dry basis moisture/Mad % 16.56
As received basis ash content/Aar % 4.8
Volatile dry ash-free basis/Vdaf % 31.98
Receiving base total sulfur/St,ar % 0.59
Received base high calorific value/Qgr,ar MJ/kg 19.92
Received base low calorific value/Qnet,ar MJ/kg 18.78
Receive base carbon/Car % 53.3
Receive base hydrogen/Har % 2.29
Receive base nitrogen/Nar % 0.47
Receiving base oxygen/Oar % 9.55

2.2 Physical Models
The fluid dynamics calculation software was employed to conduct furnace simulations, utilizing

a three-dimensional steady-state approach. The gas phase turbulence was modeled using the mixture-
reaction/function method. Non-premixing combustion was simulated using the PDF combustion
model, while gas phase turbulence was represented by the standard k-ε turbulence model. The
movement of pulverized coal particles of varying types was simulated using a particle random orbit
model. For coke combustion, a diffusion-dynamic controlled combustion model was applied. The gas-
solid two-phase flow was modeled using the Euler-Lagrange method, while radiative heat transfer was
simulated using the P1 radiation model based on the heat flow method to capture the radiative heat
transfer processes within the furnace [29].

There is fixed wall temperature boundary condition on the furnace wall. During the iteration, the
pressure and speed indicators are mitigated by a SIMPLE algorithm [30]. In addition, all discretization
methods have a second-order upwind format.

2.3 Meshing and Computational Scenarios
The geometric model of the solution domain was constructed based on the structural dimensions

of the boiler furnace, encompassing the entire furnace as the computational area. The furnace chamber
was subdivided and meshed within the burner area to accurately capture flow characteristics, resulting
in a total of 3,814,426 grids after conducting a grid-independent test.

A hexahedral hybrid mesh was employed throughout the model. Grid refinement was imple-
mented at the burner outlet height within the main combustion zone, as depicted in Fig. 2.

To ascertain the mesh accuracy satisfying the requirements of numerical simulation, grid indepen-
dence verification was conducted under Boiler Maximum Continuous Rating (BMCR) conditions.
Seven sets of mesh configurations with varying grid numbers (1,417,475; 2,126,212; 2,934,173;
3,814,426; and 4,958,753) were evaluated. Flue gas temperature at the furnace outlet height (Y =
72.15 m) was monitored, as depicted in Fig. 3. Notably, at a grid number of 3,814,426, the flue gas
temperature stabilizes, indicating grid independence.
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Figure 2: Grid diagram of the heating surface of the boiler furnace

Figure 3: Mesh independent

For both reliability of results and computational efficiency, the mesh with 3,814,426 grids was
chosen for further analysis. Verification of the numerical simulation method was conducted by
comparing the simulated furnace outlet flue gas temperature (1283 K) with the design value (1228 K),
yielding a deviation of 4.5%. This comparison confirms the accuracy of the numerical simulation
method within an acceptable range.

The boiler has a rated load of 660 MW, with simulations conducted at 15% and 20% of the
rated load. Tables 2 and 3 outlines the specific conditions regarding primary air and coal volume.
At 15% load, the secondary air temperature is maintained at 116.2°C, with a total secondary air
volume of 189.64 kg/s. For the 20% load condition, the secondary air temperature is raised to 122.5°C,
accompanied by a total secondary air volume of 192.12 kg/s.
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Table 2: Primary air and coal flow rate under 15% load

15% load Coal mill A Coal mill B

Primary air temperature (°C) 58.3 61.7
Primary air velocity (m/s) 24 26
Primary air flow rate (kg/s) 25.886 25.497
Coal flow rate (kg/s) 11.53 12.567

Table 3: Primary air and coal flow rate under 20% load

20% load Coal mill A Coal mill B

Primary air temperature (°C) 59 67.4
Primary air velocity (m/s) 25 27
Primary air flow rate (kg/s) 27.68 27.67
Coal flow rate (kg/s) 12.08 10.91

Table 4 shows the flow parameters and temperature conditions of each nozzle.

Table 4: The flow parameters and temperature conditions of each nozzle

Nozzle 99 MW 132 MW
Q/m3/s T /K Q/m3/s T /K

UG 0.0333 645 0.0338 596
UF 0.0333 645 0.0338 596
UE 0.0333 645 0.0338 596
UD 0.0333 645 0.0338 596
UC 3.3080 645 3.3510 596
UB 2.7938 645 2.8296 596
UA 2.7938 645 2.8296 596
FF 0.0257 645 0.0260 596
F 0.0000 339 0.0000 323
EF3 0.0257 645 0.0260 596
EF2 0.0991 645 0.1005 596
EF1 0.0257 645 0.0260 596
E 0.0000 339 0.0000 323
DE3 0.0257 645 0.0260 596
DE2 0.0793 645 0.0804 596
DE1 0.0257 645 0.0260 596
D 0.0000 342 0.0000 342
DD 0.0321 645 0.0325 596
CC 2.9070 645 2.9453 596
C 0.0000 342 0.0000 339

(Continued)
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Table 4 (continued)

Nozzle 99 MW 132 MW
Q/m3/s T /K Q/m3/s T /K

BC3 0.6914 645 0.7005 596
BC2 5.3691 645 5.4396 596
BC1 1.9163 645 1.9413 596
B 3.2968 343 3.9960 344
AB2 0.6914 645 0.7005 596
AB1 1.5042 645 1.5238 596
A 5.6856 339 6.9100 341
AA 2.3005 645 2.3303 596

Wall Boundary Conditions

When pulverized coal is combusted within the furnace, the water-cooled wall surface is assumed
to exhibit no velocity slip and no mass permeability. And the boundary condition of the constant
temperature without moving the speed the heating surface of the furnace. Particularly in the burner
area, temperatures vary significantly, accompanied by high heat flux density. In the simulation, the
water wall is modeled as a thermostatic wall, with temperatures assigned based on actual tube wall
temperatures. The specific wall temperatures for each area of the furnace chamber are detailed in
Table 5.

Table 5: Wall temperature in each area of the furnace

Region Temperature (K)

Above the furnace outlet 780
Burnout zone 720
Upper burner area 700
Lower burner area 700
Furnace bottom and cold ash hopper 585

2.4 Results and Discussion
2.4.1 The Analysis of Velocity and Temperature Field

The analysis of the results mainly includes the analysis of the flow field and temperature
field under two ultra-low load conditions, and the average temperature of flue gas at cross section
perpendicular along height. Table 6 shows the cross section parameters.

The velocity contour of each feature section under 15% load is shown in Fig. 4. Selecting the
longitudinal and transverse sections of the boiler allows the temperature and velocity distribution of
the furnace chamber along the height direction to be observed. Layer B (Height Y = 21.2 m), layer
C (Height Y = 23.83 m) and the auxiliary wind EF1 layer (Height Y = 31.94 m) and the ember UF
layer (Height Y = 45.19 m) are selected, which represent the main combustion area, the upper area
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and the ember layer of the furnace, respectively. Because the smoke flows from the bottom up, it is
representative to choose these four layers for comparison. In addition, cold ash hopper (Height Y =
12 m), CC layer (Height Y = 24.62 m), layer E (Height Y = 31.18 m) and furnace arch (Height Y =
61.54 m) four layers have been added, it gives us a more comprehensive view of the combustion and
flow in the furnace.

Table 6: Parameters of the horizontal sections

Cross section name Height (m)

Cold ash hopper 12
C 23.83
CC 24.62
E 31.18
EF1 31.94
UF 45.19
Furnace arch 61.54
B 21.2

When the boiler is running at 15% load, only the nozzles of two burners, A and B, inject pulverized
coal into the furnace. The velocity field cloud diagram of each characteristic section is shown in
Fig. 4. In the vertical direction, it can be observed that the velocity of the lower burner region
is significantly higher than that of the upper burner region. Additionally, in the B layer, a more
pronounced tangential flow is formed, albeit with a slight deviation of the tangent circle from the
furnace center. Moving upwards, in the C layer, where no new pulverized coal injection occurs, the
velocity is lower compared to the B layer, yet a well-defined tangential flow is maintained. As
the height increases, in the EF1 layer, which serves as the auxiliary wind layer with reduced fuel content,
velocity distribution becomes notably uneven, resulting in poorer tangential flow formation. Further
height increase reveals diminished velocity in the burnout zone of the UF layer, with no formation of
a tangential circle observed at this juncture.

Figure 4: (Continued)
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Figure 4: 15% (99 MW) velocity contour

Fig. 5 illustrates the temperature contour of each characteristic section under 15% load. It is
evident that due to the low temperature of the primary air powder, the pulverized coal undergoes an
endothermic heating process upon entering the furnace. Once the temperature of the pulverized coal
reaches the ignition point, combustion commences, releasing heat. At 15% rated load, the combustion
area of pulverized coal is primarily concentrated near the burner nozzle of the boiler. In the B and
C layers, where pulverized coal content is high, combustion heat release is substantial, resulting
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in higher temperatures and well-defined tangential flow patterns. Conversely, in the EF1 and UF
layers, where combustible content decreases, temperatures gradually decline, and tangential flow
patterns deteriorate. Within the UF layer, the burnout zone is enriched with oxygen, facilitating further
combustion of remaining combustible components in the flue gas. Consequently, some areas within
the temperature cloud map exhibit higher temperatures compared to the EF1 layer.

Figure 5: (Continued)
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Figure 5: 15% loads (99 MW) temperature contour

Fig. 6 displays the velocity contour of each characteristic section under 20% load. With the boiler
load increased to 20%, improvements in flow dynamics within the furnace are evident. Particularly
in the burner area of the B layer, flow patterns exhibit a well-defined cut circle, with the position of
the cut circle predominantly centered within the furnace. This contrasts with the significant deviation
observed at 15% load. The flow characteristics of the C layer closely resemble those of the B layer,
demonstrating an enhancement compared to the 15% operating condition. However, in the EF1 and
UF layers, flow dynamics deteriorate, resembling conditions observed at 15% load.

Figure 6: (Continued)
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Figure 6: 20% (132 MW) velocity contour

The temperature contour of each feature section under 20% load is shown in Fig. 7. As can be
seen from the figure, due to the low temperature of the primary air powder, the pulverized coal has
an endothermic heating process after entering the furnace, and after the temperature of the pulverized
coal reaches the ignition point, the pulverized coal begins to burn and release heat. As the boiler load
increases, it is evident that the combustion temperature area in the furnace is gradually expanding.
When the rated load is increased from 15% to 20%, the combustion area in the furnace is increased.
At 20% rated load, the combustion area of pulverized coal gradually expands towards the center of
the furnace and partially expands with the secondary wind direction to the upper part of the furnace.
In the B and C layers, the pulverized coal content is high, and the heat released by combustion is high,
so the temperature is higher, and at the same time, it is also a good cut circle. In the EF1 and UF layers,
as the combustible content decreases, the temperature gradually decreases, and the cut circle gradually
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deteriorates. In the UF layer, the burnout area is full of oxygen, and the remaining combustible
components in the flue gas are further fully combusted, so that some areas in the temperature cloud
map are higher than the EF1 layer.

Figure 7: (Continued)
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Figure 7: 20% (132 MW) temperature contour

Compared with the 15% working condition, the 20% temperature field has a good improvement,
and the temperature gradient appears at the four corners of the B layer furnace with the pulverized coal
jet, and the tangent circle formed is significantly improved compared with the 15% working condition.
In the C layer, a better cut circle is also formed. In the EF1 and UF layers, the temperature contours
are similar to those of the 15% case, but in the UF layer, due to the increase in heat release, they also
form a better tangent circle compared to the 15% case.

2.4.2 Variation of Furnace Cross-Section Temperature along Height

Under 15% and 20% low load, the average temperature of flue gas varies with the height of the
furnace, as shown in Fig. 8. It can be used to further analyze the detailed variation of the average
temperature of flue gas in the furnace along the direction of height.

Figure 8: Average flue gas temperature of the upper section along the height of the furnace under two
loads
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In the direction of the furnace height, the average temperature of the flue gas first increases and
then decreases, reaching the maximum value above the burner area, the temperature begins to slowly
decrease as the combustion of pulverized coal gradually decreases and the secondary air continues to
blow in.

In the cold ash hopper area, the temperatures at both loads exhibit minimal difference. However,
notable disparities emerge in the burner area, where the average flue gas temperature under 20% load
surpasses that of 15% load by approximately 50 K. In the burning area, we can observe the same
situation, the average flue gas temperature at 20% load is still higher than that at 15% load, but the
temperature difference between the two conditions is reduced. Interestingly, within the burnout area,
both operating conditions display a peak in the average flue gas temperature, which does not follow
a simple linear relationship with furnace height. This observation aligns with the earlier analysis of
temperature contours. In the burnout area, the presence of burnout wind ensures ample oxygen content
in the flue gas, facilitating further combustion of combustible components and subsequent release of
heat. As a result, the average flue gas temperature experiences a minor peak within this region before
gradually declining due to the absence of combustible components releasing heat.

2.4.3 NOx Concentration Field Distribution

When the boiler operates at 15% and 20% low loads, the NOx concentration distribution in
the longitudinal section is shown in Fig. 9. It can be observed that the distribution of NOx under
the two loads is similar, and at 15% load, NOx is mainly in the upper part of the furnace. This is
attributed to the inability to reach the thermodynamic NOx reaction temperature of 1500 K due to
the lower temperature at 15% load. Consequently, NOx generation under this condition is primarily
attributed to fuel-type NOx. Additionally, in the burner area, the generation of NOx in the oxygen-
deficient combustion state is inhibited, with nitrogen in the fuel decomposing intermediate products
and undergoing further oxidation upon contact with oxygen in the upper furnace region. Apart from
fuel-based NOx, substantial thermal NOx generation also occurs under 20% load due to higher
temperatures. Notably, NOx concentrations are predominantly concentrated near the burner area and
the upper portion of the furnace. This observation aligns with the fact that NOx concentration peaks
coincide with high-temperature regions, as thermal NOx formation predominantly occurs through
oxidation of nitrogen in the air in these areas under 20% load conditions.
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Figure 9: NOx distribution of longitudinal section of boiler under 15% and 20% loads

3 Conclusions

In response to the evolving demand for flexible operation and deep peak regulation in coal-fired
power plants, this study investigates the combustion dynamics within the boiler furnace under low
operational conditions. Utilizing a model of a 660 MW square cut round pulverized coal boiler,
numerical simulation methods were employed to analyze furnace combustion behavior under two
ultra-low load scenarios, namely 15% and 20%, offering valuable insights for practical ultra-low load
operations. Key findings include:

(1) The boiler demonstrates operability under ultra-low loads of 15% and 20%, with superior
combustion conditions observed at 20% load, characterized by well-defined tangential circles across
various furnace sections. Conversely, at 15% load, the integrity of these tangential circles begins to
deteriorate.

(2) In comparison to the 15% load condition, the average flue gas temperature within the furnace
is generally consistent in the cold ash hopper area, yet exhibits an approximate 50 K elevation in the
burner area and a slight increase in the burnout area under 20% load.

(3) The average flue gas temperature exhibits a rapid ascent with height initially, followed by a
deceleration in the burner area, where temperature fluctuations become more pronounced.

(4) Notably, the distribution of NOx concentration under the two operational conditions displays
distinct patterns. At 15% load, primary NOx emissions, predominantly fuel-derived, are concentrated
in the upper central region of the furnace. Conversely, at 20% load, NOx distribution is primarily
localized in the high-temperature vicinity adjacent to the burner near the furnace wall.
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