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Abstract: Supercritical boilers have become a major development trend in coal-fired power plants,
and the air distribution strategy is a key factor in the design and operation of making it fully
combustible. In this paper, the mathematical and physical models of a 350 MW supercritical boiler is
established, and the optimal air distribution mode of the boiler at different load is determined based
on the furnace outlet temperature, NOx concentration, and O2 content. The air distribution control
strategies were derived and the corresponding procedures were established. 160 MW and 280 MW
were selected for positive pagoda and 180 MW and 230 MW for waist reduced. At 290–350 MW load,
the effect of adjusting the combustion damper opening on the outlet oxygen is weak, so preferentially
adjusting the SOFA damper opening can achieve better results. The results show good thermal
efficiency and emission performance and are applicable to adjust the air distribution mode to achieve
fuller combustion of supercritical boilers.

Keywords: CFD; supercritical boiler; control strategy; air distribution

1. Introduction

In the context of world energy shortages and global warming, a great deal of research
has been devoted to oxygen-enriched combustion in an effort to achieve fuller combustion
and reduce the emissions of pollutants [1]. Supercritical boilers have been developed for
their good performance and high superheated steam parameters [2]. Supercritical boiler
technology was introduced in Europe in the early 1990s, which steam generators usually
operate at pressures of up to 350 bar [3]. It has the characteristics of low coal consumption,
high thermal efficiency, better circulation, good environmental performance and high
technical content [4,5]. Reasonable boiler air distribution can significantly improve the
combustion state of the boiler, effectively reduce the heat loss of exhaust gas, reduce the
heat loss due to incomplete combustion, and reduce the emission of nitrogen oxides [6]. In
addition, the adjustment of primary and secondary air can provide the basis for adjusting
the flame center position in the same layer within the boiler to prevent local overheating
and coking of the water wall [7].

With the rise of CFD (computational fluid dynamics) and computational combustion
in the 1970s, the application of 3D numerical simulations makes it possible to numerically
study the nonlinear physical processes of fluid mechanics and heat and mass transfer. It
has been applied to the combustion of pulverized coal in bench-scale, pilot and commercial
boilers. It is an indispensable reference tool to guide the design of boiler structures and the
operational control of combustion parameters in lieu of tedious experimental studies [8,9].
The air distribution strategy plays a crucial role in the operation of supercritical boilers.
However, most of the current studies have focused on the simulation of computational
models [10–12], volatile emissions [13,14], combustion processes [15–17], burner forms and
fuel types [18–20]. There are still very few studies on air distribution models.
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In recent years, a lot of research work has been carried out by many scholars to
explore better air distribution patterns and CFD simulation studies on boiler performance
and emissions. Buting Zhang et al. [21] analyzed the effects of primary air velocity, air
distribution method and other factors on NOx emissions and boiler efficiency through a
combustion adjustment test on a boiler. The results showed that the NOx emission would
decrease and the boiler efficiency would decrease when the primary air speed increased.
The secondary air distribution method has less effect on NOx emission. A simulation
model on the optimal excess air coefficient was developed and validated by Y. Wang et al.
The mechanism of the effect of excess air coefficient on boiler parameters and efficiency
was predicted by CFD simulation. The effects of excess air coefficient on boiler operating
efficiency, radiation characteristics and heat transfer characteristics were derived, and the
optimal value of excess air coefficient was concluded. Chen, HW et al. [22] studied the effect
of secondary and overfired separation air on boiler performance in a 300 MW utility boiler,
and optimized the dampers opening of secondary and separation overfired air by genetic
algorithm, and achieved the optimal operating parameters of secondary and overfired
separation air by the optimization model, which provides a reference for the adjustment
of secondary and overfired separation air. Li, S in et al. [23] conducted experiments on a
300 MWe utility boiler to investigate the effects of factors including overall excess air ratio,
secondary air distribution pattern, dampers opening of CCOFA and SOFA, and pulverized
coal fineness on improving the thermal efficiency of the boiler and reducing NOx emissions,
and the optimal excess air ratio was obtained by comprehensive combustion adjustment.
The NOx emission was reduced by 182 ppm (NOx reduction efficiency was 44%) through
the adjustment of the damper opening. The effect of pulverized coal fineness on NOx
emissions was negligible. The improvement of boiler thermal efficiency is not obvious,
only 0.21% lower than before the low-NOx retrofit. Arablu, M et al. [24] studied a 250 MW
dual-fuel boiler with the aim of reducing the formation of NOx in it by air staging and
over-fire air. CFD simulations were performed to determine the optimal locations for
mounting air and fuel injectors on the boiler walls. By installing injectors at these locations,
NOx emissions can be reduced by more than 70% using OFA and air classification strategies.
The simulation results were validated against real data obtained on a full-size boiler.

In this paper, a 350 MW supercritical boiler is established, and the basic opening and
adjustment range of the secondary air valve under each load are determined by multiple
sets of numerical simulation conditions to obtain the optimal air distribution mode and
combustion damper opening. Meanwhile, the air distribution control strategy is set up.
The work combines 3D simulation and control logic to study the power plant boiler. The
effectiveness of the simulation results was confirmed by the available operational and
design data. The research in this paper can provide an idea for the future automatic control
of boiler combustion process [25].

2. Geometric and Physical Model
2.1. Geometric Model

The simplified model of furnace and burner arrangement of the supercritical boiler is
shown in Figure 1. The main structure size of the furnace is 14.6 m× 58.3 m (length × height).
The burner is mainly located in the main combustion zone and is arranged with four-wall
tangentially fired. Part of the pulverized coal and air are injected by the primary air (A–F),
and the secondary air includes combustion air (AA–FF), separated over fire air (SOFA) and
surrounding air. The surrounding air is used to ensure the stiffness of the primary air, and
the SOFA air layout at four corners above the main combustion area, four layers in total
(S1–S4). The secondary air is staged for fractional combustion to reduce NOx emissions,
so that it can play more fully utilized [19]. The primary combustion area is arranged with
6 layers of primary air nozzles, each layer of primary air is equipped with a coal mill, five
transport and one standby, the primary air of A layer nozzle is not opened during normal
operation, each primary air nozzle is surrounded by circumferential wind, the wind speed
is higher than the primary air, to enhance the stiffness of the primary air, to ensure that the
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cut circle is not deflected. In this case, 8 layers of combustion air nozzles are set, staggered
with the primary air, and the SOFA burner is arranged in four corners of the cut circle,
located above the main combustion area. There are 4 layers in total. The diameter of the
imaginary tangent circle of the main burner area is 7.3 m.
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Figure 1. Furnace structure and burner arrangement. (a) Furnace structure. (b) Burner arrangement.
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Meshing Geometric Models using structural meshes as shown in Figure 2a, and in this
paper, the temperature of outlet is used as the test index, that is, this temperature of the
simulation will not change with the increase of the number of grids. As shown in Figure 2b.
when the number of grids increase to 4 × 106, the temperature hardly changes with the
number of grids, so hexahedral mesh with approximately 4 × 106 grids was chosen.

Energies 2023, 16, 458 3 of 19 
 

 

primary air, and the SOFA air layout at four corners above the main combustion area, four 
layers in total (S1–S4). The secondary air is staged for fractional combustion to reduce NOx 
emissions, so that it can play more fully utilized [19]. The primary combustion area is 
arranged with 6 layers of primary air nozzles, each layer of primary air is equipped with 
a coal mill, five transport and one standby, the primary air of A layer nozzle is not opened 
during normal operation, each primary air nozzle is surrounded by circumferential wind, 
the wind speed is higher than the primary air, to enhance the stiffness of the primary air, 
to ensure that the cut circle is not deflected. In this case, 8 layers of combustion air nozzles 
are set, staggered with the primary air, and the SOFA burner is arranged in four corners 
of the cut circle, located above the main combustion area. There are 4 layers in total. The 
diameter of the imaginary tangent circle of the main burner area is 7.3 m.  

 
Figure 1. Furnace structure and burner arrangement. (a) Furnace structure. (b) Burner arrangement. 
(c) Cross-section of main combustion zone. 

Meshing Geometric Models using structural meshes as shown in Figure 2a, and in 
this paper, the temperature of outlet is used as the test index, that is, this temperature of 
the simulation will not change with the increase of the number of grids. As shown in Fig-
ure 2b. when the number of grids increase to 4 × 106, the temperature hardly changes with 
the number of grids, so hexahedral mesh with approximately 4 × 106 grids was chosen. 

 
Figure 2. Boiler calculation zone grid. (a) Grid model. (b) Grid independence analysis. Figure 2. Boiler calculation zone grid. (a) Grid model. (b) Grid independence analysis.

2.2. Physical Model
2.2.1. Gas Phase Turbulence Model

In the furnace, the change rate of various parameters is high, realizable k-epsilon
model can prevent negative values, thus improving the accuracy of the results. In addition.
according to the sensitivity analysis of RANS turbulence model by Xingsi Han [26], the real-
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izable k-epsilon behaves quite stably and predicts nearly consistent results in all simulations.
Therefore, the realizable k-ε model is chosen as the gas-phase turbulence model.

2.2.2. Particle Flow Model

In this study, the gas phase is a continuous phase and the pulverized coal particles
are secondary phases with a small volume fraction, meeting the applicable conditions
of the discrete phase mode, which can calculate the trajectory of these particles and the
heat/mass transfer caused by particles. Taking into account the effects of phase coupling
and interaction on single-phase, discrete phase model (DPM) was selected to simulate the
flow of pulverized coal particles.

2.2.3. Volatilization Separate out Model

Volatile precipitation is the first step in the combustion of pulverized coal particles,
which has a large impact on further combustion of volatile fraction and coke, Currently,
there are single-step reaction model, two-step reaction model, and chemical percolation
and devolatilization (CPD) model available for volatile fraction separate.

The CPD model is based on the physical and chemical structure of coal particles and
uses lattice statistics to describe the process of gas volatilization and tar formation. The
model treats coal as a network of aromatic rings connected by chemical bonds, and the
process of volatiles precipitation is the process of network breakage and regeneration.
unstable bonds in the coal are subjected to high temperatures and intermediates to generate
polymer products and coke, respectively, which in turn produce light gases. Torresi et al.
found that combining the CPD model for devolatilization with an intrinsic reactivity model
for char combustion yielded better agreement for combustion species near the nozzle [27].

The calculation of this model requires the reaction kinetic parameters of coal, which is
experimentally verified in the temperature range below 1500 K. The volatilization analysis
out of the model in the simulation of this paper is calculated by using the CPD model.

2.2.4. Volatile Combustion Model

In the progress of combustion, pulverized coal and oxidizer enter the reaction zone
as heterogeneous phases, so the combustion model for volatile fraction should be non-
premixed combustion model [18], which is completely different from the premixed com-
bustion model. In the non-premixed combustion model, the thermochemical reaction rate
is controlled by mixing fraction [28,29].

The mixing fraction f (Equation (1)) can be written based on the atomic mass frac-
tion as:

f =
Zi − Zi,ox

Zi, f uel − Zi,ox
(1)

where: Zi denotes the mass fraction of element i, the subscripts ox for Zi,ox and Zi, f uel
denotes the oxidizer inlet value, and the subscript fuel denotes the fuel inlet value,
Equation (2) is commutative for all elements and the mixing fraction is uniquely defined,
and the sum of the mass fractions of the secondary stream, fuel and oxidizer is always 1 in
the case of the inclusion of the secondary stream (Equation (2)).

f f uel + fsec + fox = 1 (2)

2.2.5. Coke Combustion Model

After volatilization is separated out, the combustion of the remaining coke fraction
mainly consists of two processes, one is the diffusion of the oxidant to the surface of the
coke particles, and the other is the reaction of the oxidant absorbed by the coke surface and
the diffusion of the reaction products to the surrounding area [30].
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The kinetic/diffusion reaction model is adopted for the combustion model of coke in
this paper. The kinetic/diffusion reaction model considers that the surface reaction rate is
controlled by both kinetics and diffusion, and the combustion rate equation is:

D0 = C1

[(
Tp + T∞

)
/2
]0.75

dp
(3)

dmp

dt
= −πd2

pPox
D0<

D0 +<
(4)

< = C2e−(E/RTp) (5)

where: Pox is the partial pressure of gaseous oxidant around the coke; D0 is the diffusion
rate coefficient; < is the chemical reaction rate coefficient; C1 is the diffusion rate constant;
C2 is the reaction rate constant; R is the kinetic reaction constant considering the surface
reaction and diffusion of coke particles.

2.2.6. NOX Generation Model

The prediction of NOx is a post-processing process after the combustion simulation,
and the transport equation is solved by the given flow field and combustion results, so the
accurate combustion simulation results are crucial [31].

The control equations contain mass transport equations for the NOx component, taking
into account convection, diffusion, generation and consumption. For the thermal and fast
NOx mechanisms, only the transport equations for the NOx component is required.

The control equation contains the mass transport equation of the NOx component,
taking into account convection, diffusion, generation, and consumption. For the thermal
and fast NOx mechanisms, only the transport equations for the NOx component is required:

∂

∂t
(ρYNO) +∇ ·

(
ρ→

v
YNO

)
= ∇ · (ρD∇YNO) + SNO (6)

Fuel-based NOx simultaneously tracks nitrogen-containing intermediates and solves
the transport equations for the HCN and NH3 components:

∂

∂t
(ρYHCN) +∇ ·

(
ρ→

v
YHCN

)
= ∇ · (ρD∇YHCN) + SHCN (7)

∂

∂t
(
ρYNH3

)
+∇ ·

(
ρ→

v
YNH3

)
= ∇ ·

(
ρD∇YNH3

)
+ SNH3 (8)

where: YNO, YHCN and YNH3 are the mass fractions of NO, HCN and NH3 in the gas phase,
respectively; SNO, SHCN and SNH3 are the source terms.

The main reactions for the formation of NOx from nitrogen molecules in thermody-
namic NOx are as follows:

O + N2 ↔ N + NO (9)

N + O2 ↔ O + NO (10)

Consider the third reaction when approaching the equivalence condition:

N + OH↔ H + NO (11)

For fuel-based NOx, organic compounds containing nitrogen will increase the forma-
tion of NOx during the combustion process, and the conversion of nitrogen in fuel to NOx
depends to a large extent on the initial concentration of nitrogen-containing compounds and
the influence of combustion characteristics [16]. With the pyrolysis of nitrogen-containing
compounds, radicals such as HCN, NH3, N, CN and HN (secondary intermediate nitrides)
can undergo two reactions, one with O2 to form NO and the other with NO to form N2 [32].
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Since the generation of fast NOx is low in the process of pulverized coal combustion,
it can be ignored in the calculation process. The re-burning NOx mechanism leads to NO
reduction through the reaction of NOx with hydrocarbons, which is effective in a range of
1600–2100 K. Sun et al. studied the emission behavior of NOx during the combustion of
pulverized coal and raw coal in an O2/CO2 environment and found that when the initial
concentration of NOx in the carrier gas is not equal to zero, it is reduced by coal or coal coke,
as the initial concentration of NOx increased, the calculated NOx reduction ratio decreased.
The reduction rate equation is [33]:

(NOx)reduction ratio =
C(NOx 6= 0, 0) + C(NOx = 0, 1)−C(NOx 6= 0, 1)

C(NOx 6= 0, 0)
× 100% (12)

In summary, this simulation mainly deals with the generation of thermodynamic and
fuel-based NOx, and calculates the reigniting NOx according to the maximum furnace
chamber temperature.

2.3. Radiation Model

In FLUENT, The DO model can solve the radiation problem in the full optical depth
interval, and can solve the radiation heat exchange between face-to-face, gas and particles
in the combustion problem, while the model is applicable to the radiation of translucent
media. In the combustion process of this paper, the radiation heat exchange of pulverized
coal particles is also an essential part, so only the P-1 radiation model or DO model can
be applied, after trial calculations DO model has moderate computational overhead, and
considering its wider applicability, this paper adopts DO model as the radiation model.

DO model radiation propagation equation is:

∇ ·
(

I
(→

r ,
→
s
)→

s
)
+ (a + σs)I

(→
r ,
→
s
)
= an2 σT4

π
+

σs

4π

∫ 4π

0
I
(→

r ,
→
s
)

Φ
(
→
s ,
→
s′
)

dΩ′ (13)

where:
→
r is the position vector;

→
s is the direction vector;

→
s′ is the scattering direction vector;

a is the absorption coefficient; n is the refraction coefficient; σs is the scattering coefficient; σ
is the Stefan Boltzmann constant; I is the radiation intensity; Φ is the phase function; Ω′ is
the spatial stereo angle.

In the furnace, the gas phase contains pulverized coal particles, set refraction coefficient
as 0.3 (m−1), and a large amount of CO2 and vapour will be generated after pulverized coal
combustion, set absorption coefficient as 0.25 (m−1), all physical parameters are isotropism
in the furnace, thus set refraction coefficient as 1.

2.4. Characteristic of Coal and Gases

The mass of pulverized coal jet is distributed equally by each open primary air door,
and the temperature of pulverized coal is equal to the primary air temperature, and the
maximum particle diameter of pulverized coal is set at 0.2 mm, the minimum particle
diameter at 0.07 mm, and the average diameter at 0.13 mm. The boiler described in this
paper uses lignite as the design coal, and its industrial analysis and Elemental analysis is
shown in Table 1.

The cp (Specific Heat) of the gas changes with the temperature, it is defined by
piecewise-polynomial. The equation is:

cp = c1 + c2T + c3T2 + c4T3 + c5T4 (14)
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Table 1. The coal powder consumption table (t/h).

350 MW 320 MW 280 MW 230 MW 180 MW 160
MW

Coal Powder
Consumption 235.6 216.2 185.9 163.4 125.6 112.5

Industrial Analysis Elemental Analysis

Mar Mad Aar Vda f Car Har Oar Nar Sar HHV(MJ/kg)
32.4 14.2 15 49.28 38.27 3.25 9.92 0.73 0.43 13.50

The number of c1–c5 is shown in Table 2.

Table 2. The number of c1–c5.

c1 c2 c3 c4 c5

O2 834.826 0.293 −1.495 × 10−3 3.414 × 10−7 −2.278 × 10−10

N2 979.043 0.417 −1.176 × 10−3 1.674 × 10−6 −7.251 × 10−10

CO 968.394 0.449 −1.152 × 10−3 1.657 × 10−6 −7.346 × 10−10

CO2 429.930 1.874 −1.966 × 10−3 1.297 × 10−6 −3.999 × 10−10

H2O 1563.082 1.604 −2.932 × 10−3 3.216 × 10−6 −1.156 × 10−9

2.5. Boundary Conditions

The inlet contains primary and secondary air (combustion air, perimeter air and SOFA
air) inlets, all set as velocity inlets, turbulence intensity is taken as 5% of the average
turbulent kinetic energy at the inlet, and characteristic length is taken as the equivalent
diameter of the inlet, calculated as 4 S/L, where S is the cross-sectional area and L is the
cross-sectional perimeter.

The primary air inlet is labelled A–F from above and below, where the A-level air
inlet is kept in reserve, and the D-level air inlet is closed when the boiler load is lower
than 280 MW, and the B-level air inlet is closed when the load is lower than 180 MW. The
primary air volume accounts for about 1/3 of the total inlet air volume of the boiler, and
the air speed varies in the range of 20–25 m/s. The primary air door opening state and air
temperature setting of typical working condition are shown in Table 3, and the primary air
temperature of other working condition changes according to the rule in the table.

Table 3. The primary air damper opening state and wind temperature table (K).

350 MW 320 MW 280 MW 230 MW 180 MW 160 MW

Open dampers BCDEF BCDEF BCEF BCEF CEF CEF
Temperature 383 373 363 353 343 333

The percentage of secondary air in combustion air, SOFA air and perimeter air is
about 60%, 30% and 10%, and the air temperature of each type of secondary air is kept
consistent, and the typical working condition of secondary air temperature is set as shown
in Table 4, and the other working condition temperature is calculated by linear interpolation
in the interval.

Table 4. The secondary air wind temperature table (K).

350 MW 320 MW 280 MW 230 MW 180 MW 160 MW

Temperature 648 633 624 617 608 604

In this paper, the wind speed of combustion wind and SOFA wind is taken as 45 m/s
constant for the control variables, and the inlet air volume is adjusted by adjusting the
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damper area. The SOFA air inlet is la-belled S1–S4 from top to bottom, and the SOFA air
volume decreases proportionally as the load decreases. In order to ensure the flow stiffness
of SOFA air, the S1 layer is closed when the boiler load is below 280 MW, and the S1 and S3
layers are closed when the boiler load is below 180 MW. The opening degree is calculated
by linear interpolation in the interval without changing the opening and closing state of
the dampers, as shown in Table 5.

Table 5. SOFA dampers opening status and opening degree table (%).

350 MW 320 MW 280 MW 230 MW 180 MW 160 MW

Open dampers S1234 S1234 S234 S234 S24 S24

S1 100 80 - - - -
S2 100 80 80 80 80 50
S3 100 80 80 50 - -
S4 100 80 80 80 80 50

The boundary condition of outlet set as outflow, that is, the outlet is assumed to be a
fully developed flow.

3. The Optimal Air Distribution Method under Typical Loads

The calculated operating conditions are for 6 typical loads. The furnace outlet temper-
atures (design values) for typical operating conditions are shown in Table 6.

Table 6. The design value of furnace chamber outlet temperature (K).

Boiler Load (MW) 350 320 280 230 180 160

Average outlet temperature 1258 1222 1194 1160 1096 1074

The reasonable range of the average oxygen content of the furnace outlet under typical
operating conditions is shown in Table 7, and the oxygen content of the furnace outlet
under typical load calculated in this chapter should be close to the oxygen content at the
nodes in the table.

Table 7. The average oxygen content at the furnace outlet (%).

Boiler Load (MW) 160–180 180–230 230–280 280–320 320–350

Outlet average oxygen content 6–5 5–4.5 4.5–4 4–3.5 3.5–3

4. Simulation and Air Distribution Mode Selection
4.1. Cold State Simulation

The velocity field distribution can reflect the airflow and pulverized coal flow in the
furnace. Good pulverized coal flow characteristics are very important to optimize the
combustion characteristics in the furnace [34]. In this paper, the reliability of the model is
verified by cold state and combustion simulation in the furnace under full load.

Figure 3a shows the contours diagram of longitudinal airflow velocity in furnace, it
can be seen from the figure that after the airflow enters the furnace from the nozzle, it
spirals upward under the impact of the four walls and other airflow, then a low-speed zone
is formed in the center of the furnace. The main burner zone is four-wall tangential circle
arrangement, while the SOFA burning zone is four-angle tangential circle arrangement. It
can be seen from Figure 3b that the flow field changes caused by different tangential circle
arrangement. The velocity value of the burner is relatively high, the mixture of pulverized
coal and oxygen is sufficient, and the airflow distribution in the flow field is relatively
uniform with less flow dead zone.
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4.2. Combustion Simulation

Figure 5 is the longitudinal temperature distribution of the furnace, from the figure
can be seen in the furnace temperature distribution transition state and fullness of good,
coal from the nozzle after the rapid heating ignition, release a lot of heat. The temperature
field appears as a “hump” type high temperature zone. As can be seen from the folding
diagram, the cold ash hopper, because it is far from the pulverized coal combustion area,
no high-temperature flue gas flushing, only through the flue gas radiation heat absorption,
the temperature gradient is the largest. Above the combustion zone, with the height of
the furnace chamber rises, the combustible part gradually burned out, water-cooled walls
absorb a lot of heat, smoke temperature gradually reduced, the distribution state for the
center of high, near the wall area low. The average temperature of the flue gas at the exit of
the furnace chamber is 1231 K, which is basically equal to the design value of 1258 K, and it
has a good matching degree with the experimental data of the power plant, as shown in
Figure 5c. In summary, the combustion temperature condition obtained from the simulation
is basically consistent with the actual operation law of the power station.



Energies 2023, 16, 458 10 of 19Energies 2023, 16, 458 10 of 19 
 

 

 
Figure 5. Distribution diagram of longitudinal temperature in furnace. (a) Fluid domain tempera-
ture field. (b) Temperature cloud of central longitudinal section. (c) Curve of average temperature 
of furnace cross section with height. 

In the simulation process, the concentration of no is approximately replaced by the 
concentration of NOx, the Figure 6 shows the longitudinal distribution of NO concentra-
tion in the furnace. From the figure, it can be clearly observed that the restriction effect of 
oxygen-poor combustion on the formation of NO, and the main combustion zone is diffi-
cult to meet the formation condition of NO due to the extremely low oxygen content. 
Above the combustion zone, the concentration of NO increases with the height increasing, 
and due to the sudden supplement of oxygen, NO concentration has a jump near the sofa 
zone. The average concentration of NO at furnace outlet is 458.3 mg/m3. The variation law 
of no concentration is consistent with the actual law of power plant. To sum up, the model 
established in this paper has good reliability. 

 
Figure 6. Distribution diagram of NO concentration in 350 MW furnace (mg/m3). (a) NO concentra-
tion contours of central longitudinal section. (b) NO concentration curve with height. 

4.3. Optimal Air Distribution Mode 
In the boiler low load operation, the primary air by adjusting the air speed and close 

part of the dampers to adjust the air volume, the perimeter air with the state of the primary 
dampers and open and close. SOFA wind by adjusting the dampers open and close part 
of the dampers to adjust the air volume, combustion air by adjusting the dampers open to 
adjust the inlet air volume, the secondary air speed set within this paper is unchanged. 
Combustion air usually has the following types of air distribution: positive pagoda, waist 

Figure 5. Distribution diagram of longitudinal temperature in furnace. (a) Fluid domain temperature
field. (b) Temperature cloud of central longitudinal section. (c) Curve of average temperature of
furnace cross section with height.

In the simulation process, the concentration of no is approximately replaced by the
concentration of NOx, the Figure 6 shows the longitudinal distribution of NO concentration
in the furnace. From the figure, it can be clearly observed that the restriction effect of oxygen-
poor combustion on the formation of NO, and the main combustion zone is difficult to
meet the formation condition of NO due to the extremely low oxygen content. Above the
combustion zone, the concentration of NO increases with the height increasing, and due
to the sudden supplement of oxygen, NO concentration has a jump near the sofa zone.
The average concentration of NO at furnace outlet is 458.3 mg/m3. The variation law of
no concentration is consistent with the actual law of power plant. To sum up, the model
established in this paper has good reliability.
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4.3. Optimal Air Distribution Mode

In the boiler low load operation, the primary air by adjusting the air speed and
close part of the dampers to adjust the air volume, the perimeter air with the state of
the primary dampers and open and close. SOFA wind by adjusting the dampers open
and close part of the dampers to adjust the air volume, combustion air by adjusting the
dampers open to adjust the inlet air volume, the secondary air speed set within this paper



Energies 2023, 16, 458 11 of 19

is unchanged. Combustion air usually has the following types of air distribution: positive
pagoda, waist reduction and inverted pagoda air distribution. In this subsection, the
furnace exit temperature, NOx concentrations and the average oxygen content are used as
the base criteria to determine the best combustion air distribution methods for 280 MW,
230 MW, 180 MW and 160 MW operating conditions.

Under 280 MW and 230 MW conditions, the primary air in the D layer of the furnace
is closed, the corresponding perimeter air is closed, and the SOFA damper in the S1 layer is
closed. Under 180 MW and 160 MW conditions, the primary air in the B and D layers of the
furnace is closed, the corresponding perimeter air dampers is closed, the SOFA dampers
in S1 and S3 layers are closed. The combustion air damper openings of the three different
air distribution methods under the four conditions are shown in Table 8. P, W, I represent
positive pagoda, waist reduction and inverted pagoda air distribution method, respectively,
in which the total amount of incoming air of various air distribution methods is equal, and
the combustion air damper opening in the FF layer does not change with the change of air
distribution methods.

Table 8. Combustion damper opening under different air distribution methods (%).

Air Dampers
280 MW 230 MW 180 MW 160 MW

P W I P W I P W I P W I

AA 20 30 30 15 20 20 15 20 20 10 20 20
AB 20 30 30 15 20 20 15 20 20 10 15 15
BC 20 20 30 20 20 20 15 15 20 15 15 15
CC 20 20 20 20 15 20 15 15 15 15 10 15
DD 30 20 20 20 15 20 20 15 15 15 10 15
DE 30 20 20 20 20 15 20 15 15 15 15 10
EF 30 30 20 20 20 15 20 15 15 20 15 10
FF 30 30 30 30 30 30 20 20 20 20 20 20

After simulation analysis, the data of temperature (T), NO concentration (NO) and O2
content (O2) at the outlet of the furnace for different loads and different air distribution
methods are shown in Figure 7. The oxygen content at the furnace outlet increases with
the decrease of load. The combustion temperature in the furnace is lower at low load, and
in order to reduce the heat loss of incomplete combustion, the air volume is increased
to ensure the full combustion of pulverized coal, and the lower the load, the higher the
increase of oxygen volume. The NO emission does not decrease with the decrease of load.
While the load decreases, the nitrogen content in the fuel and air decreases, the ignition
temperature decreases, and the oxygen content in the flue gas increases. Comparing with
the three air distribution schemes. Under 280 MW load, the NO emission concentration of
positive pagoda air distribution is the lowest, and in terms of furnace exit temperature and
average oxygen content, the difference between positive pagoda air distribution and the
design value is the smallest, so positive pagoda air distribution scheme is chosen as the
air distribution method of 280 MW load. Similarly, positive tower air distribution scheme
is selected as the air distribution method for the combustion air at 160 MW load. The
waist reduced air distribution scheme is selected as the air distribution method for the
combustion air at 230 MW load and180 MW load.

Through the simulation under four working conditions, adjusting different combustion
air dampers methods and observing the changes of the above three parameters, the optimal
combustion air distribution methods for several typical loads were obtained, as shown in
Table 9.
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Table 9. The table of optimal air distribution of combustion air under typical load (%).

Combustion Air Dampers 160 MW 180 MW 230 MW 280 MW

AA 10 20 20 20
AB 10 20 20 20
BC 15 15 20 20
CC 15 15 15 20
DD 15 15 15 30
DE 15 15 20 30
EF 20 20 20 30
FF 20 20 30 30

5. Determine the Adjustment Strategy of Air Distribution

In the actual operation of power station boilers, the oxygen output from the furnace
is used as the basis for adjusting the inlet air volume judgment. Based on the best air
distribution method and SOFA damper opening state and opening degree table under
typical load determined in the previous section, the overall increase and decrease of damper
opening degree is calculated, and the law of the subsequent change of the average outlet
oxygen quantity is calculated to invert the adjustment amount of the damper when the
oxygen quantity is too much or not enough, and the adjustment capacity of the furnace
outlet oxygen quantity under each load is set to be not less than ±2%. In addition to the
typical load, the combustion state of some other integer loads (integer multiples of 10)
is calculated. In the process of air distribution control, a small range of load variation
is ignored and the boiler load is rounded up to a multiple of 10 MW. The logic of air
distribution control under variable load conditions is designed based on the law of oxygen
variation, and the program is written and the graphical user interface is built.

5.1. The Influence of the Combustion Air Damper Opening Adjustment

In the boiler secondary air, the proportion of combustion air accounts for about 60% of
the air volume, SOFA air accounts for about 30%. The perimeter air volume is smaller and
the opening and closing state is determined by the primary air door state, so here priority
is given to calculating the impact of the change in the combustion air door opening on
the oxygen output from the furnace chamber. This section calculates the oxygen output
of the furnace for each load at the standard damper opening and the combustion damper
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opening of ±5% as a whole, with 180 MW and 320 MW load conditions as examples, and
the simulation results are shown in Figure 8.
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Taking 180 MW load as an example, the furnace outlet oxygen standard value under
180 MW load is 5%, then the reasonable range under this load is 4.5% to 5.5%. The outlet
oxygen content is 2.59%, 4.89% and 6.92%, respectively, under the combustion air damper
opening degree at −5%, standard opening and +5% by simulation. In the actual operation
process, for example, if the outlet oxygen content detected by the sensor is 4.1%, which is
lower than the reasonable range, the air damper opening degree should be increased, and
the increase range is:

5%× 4.89%− 4.1%
4.89%− 2.59%

= 1.6% ≈ 2% (15)

where 5% refers to the base range of the dampers opening variation. In this case,
(4.89 − 4.1%)/(4.89 − 2.59%) is the dampers adjustment ratio calculated based on the
simulation results and the oxygen content monitoring value. The calculation result is
rounded to the whole number.

Figure 8b shows the distribution of oxygen molar concentration for 320 MW operating
conditions. The oxygen molar concentration distribution of the 320 MW operating condi-
tion, the oxygen content at the furnace exit under the three damper opening conditions are
2.97%, 3.56% and 6.16%, respectively. Under high load conditions, the main combustion
zone is oxygen poor, and the effect of decreasing the combustion damper opening on the
oxygen distribution in the furnace is not obvious, and the overall decrease of the combus-
tion damper opening by 5% only reduces the outlet oxygen by 0.59%, while the effect of
increasing the combustion damper opening on the oxygen distribution in the furnace is
more obvious.

The comparison of the oxygen content of the furnace outlet under the combustion
damper opening of ±5% and the standard opening was calculated, and the calculation
conditions included all typical loads and some other loads (the calculation density was
higher in the high load range), and the calculation results are shown in Figure 9.

In the range of 160–280 MW, the combustion air damper opening degree is ±5% can
make the furnace outlet oxygen content change range reach ±2%. Among which the
overall oxygen content at 160 MW condition is significantly different from that at other
conditions. In the range of 280–350 MW, the influence of reducing the combustion air
damper opening degree on the outlet oxygen is gradually reduced. It is unlikely that
increasing the air content of combustion air alone can effectively solve the problem of low
outlet oxygen content.
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5.2. Effect of Adjusting the Opening of the Secondary Dampers

When the boiler load is higher than 280 MW and the oxygen level at the furnace outlet
is lower than the reasonable range, consider adjusting the SOFA air and combustion air
dampers opening jointly to improve the oxygen level above the furnace chamber. The
SOFA air dampers opening status and opening degree in the Table 10. are all typical load
conditions, and the dampers opening status under the rest of the load is calculated by
linear interpolation. If the SOFA air dampers are adjusted to 100% opening and still cannot
meet the requirements, the combustion air dampers will be adjusted. Under the full load
350 MW working condition, the SOFA air damper opening is already 100%, and only the
combustion air damper can be adjusted.

Table 10. SOFA dampers opening status and opening degree (%).

Load (MW) 350 340 330 320 310 300 290 280

Dampers open S1234 S1234 S1234 S1234 S1234 S1234 S1234 S234
Opening degree

S1 100 94 87 80 60 40 20 -
S2 100 94 87 80 80 80 80 80
S3 100 94 87 80 80 80 80 80
S4 100 94 87 80 80 80 80 80

The oxygen distribution after reducing the 350 MW combustion damper door opening
is shown in Figure 10 The overall reduction of the damper opening by 5%, 10% and 15%
results in 2.63%, 1.77% and 0.59% of the furnace outlet oxygen, respectively, while the outlet
oxygen at the standard opening is 2.91%, i.e., 15% reduction of the combustion damper can
meet the requirement of 2% reduction of the outlet oxygen.

Calculation of the effect of secondary air adjustment on the oxygen level at the furnace
port under 290–350 MW load conditions is shown in Table 11.
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Table 11. 290–350 MW influence of different air distribution modes on the outlet oxygen.

Load (MW) Adjustment Mode Outlet Oxygen Content (%)

350

Standard opening 2.91
Combustion air −5% 2.63

Combustion air −10% 1.77
Combustion air −15% 0.59

340

Standard opening 3.04
SOFA air −7% 2.54

SOFA air −7%, Combustion air −5% 1.83
SOFA air −7%, Combustion air −10% 0.88

330
Standard opening 3.3
SOFA air −13% 1.72

SOFA air −13%, Combustion air −5% 1.14

320
Standard opening 3.56
SOFA air −20% 1.33

310
Standard opening 3.66
SOFA air −20% 1.37

300
Standard opening 3.79
SOFA air −20% 1.54

290
Standard opening 4.01
SOFA air −20% 1.91

5.3. Air Distribution Control Strategy

Based on the data obtained from the previous article, the program is written to au-
tomatically control the boiler air distribution, because the actual operation of the power
station boiler ignores the small range of load changes, the data used and the boiler load in
the control process are integer multiples of 10, in the simulation process, because the law is
more similar, part of the low load conditions are not calculated, here the linear interpolation
method instead of finding. Considering the accuracy of the actual air distribution process,
the program is written In consideration of the accuracy of the actual air distribution process,
the dampers involved in the process are rounded. The program is written with the boiler
load and the furnace outlet oxygen as the input quantity, and the combustion air and SOFA
dampers opening as the variable output quantity, and the brief program flow is shown in
Figure 11.
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(1) The program intermittently reads the boiler load, setting the initial read load as
Q1 and the later read load as Qn. When the difference between Q1 and Qn is less than
10 MW, it is defined as a small load change and the program ignores it. When the difference
between Q1 and Qn is greater than 10 MW, the program starts running again from the read
load and redefines Q1. The filtered load is subjected to rounding operation.

(2) Adjust the parameters of primary air, pulverized coal and circumferential air
according to the load, and adjust the combustion air and SOFA air to the standard opening
according to Tables 4 and 9 and linear interpolation calculation.

(3) When the combustion state in the furnace is stable (the time required is unknown
here), read the oxygen concentration of the sensor at the furnace outlet, and if the oxygen
content is in a reasonable range, keep the existing damper opening unchanged until the
load changes or the outlet oxygen level is abnormal.

(4) If the oxygen content is not in a reasonable range, adjust the secondary damper
opening according to some data in Table 10 and data in Table 11. When the oxygen content
is high, adjust by reducing the combustion damper opening. When the oxygen content
is low and the load is less than or equal to 280 MW, adjust by increasing the combustion
damper opening. When the oxygen content is low and the load is greater than 280 MW,
increase the SOFA damper opening as a priority, and if it cannot meet the demand, increase
the combustion damper opening in sections on this basis.

(5) When one secondary air damper adjustment still cannot meet the demand, multiple
adjustments will be made, and the adjustment range will be based on the effect of the
previous adjustment on the export oxygen quantity. When the adjustment is too much,
if the oxygen quantity changes from below the reasonable range to above the reasonable
range after one adjustment, the adjustment will also be reverse linear based on the effect of
the previous adjustment on the export oxygen quantity.
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6. Conclusions

This paper takes one supercritical 350 MW coal-fired boiler as the research object,
carries out thermal calculation of furnace combustion. It calculates the relatively better
air distribution method under typical load, and the change law of oxygen quantity at the
outlet of the furnace with the adjustment of secondary air volume, and builds a model of
air distribution control strategy based on the simulation results.

The cold state simulation calculation under full load and the combustion calculation
of each load were carried out, and the combustion and emission results of each working
condition were processed and analyzed, in which the oxygen content at the furnace outlet
increased with the decrease of load, and the NO emission did not decrease with the de-
crease of load, and the effect of combustion air on the reduction in flue gas temperature
was more obvious at lower loads. Under the low load operating conditions, the combustion
conditions of four typical operating conditions of positive pagoda, reduced waist and
inverted pagoda air distribution methods were calculated, respectively. The better perform-
ing air distribution method was selected, positive pagoda air distribution was selected at
160 MW and 280 MW load, and positive pagoda air distribution was selected at 180 MW
and 230 MW load.

Based on the selected air distribution method and SOFA damper opening status and
degree, the overall increase and decrease of the damper opening, calculate the law of the
export average oxygen change, invert the adjustment amount of the damper when the
oxygen is too much or not enough, and design the air distribution control logic under
variable load conditions based on the law of oxygen change, in which when the oxygen
is high, it can be adjusted by reducing the opening degree of the combustion damper.
When the oxygen is low and the load is less than or equal to 280 MW, it can be adjusted by
increasing the opening degree of the combustion damper. when the oxygen level is low
and the load is greater than 280 MW, the priority is to increase the opening of the SOFA
damper, and if the demand cannot be met, the opening of the combustion damper will be
increased on this basis.

However, in actual working conditions, the air distribution structure of boiler is more
complex, and the rules of air dampers at each floor are different, and the secondary air
speed varies in a small range, so there is a certain error in the calculation results.
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