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Abstract

With the increasing proportion of renewable energy generation, the demand
for deep peak-shaving operation of coal-fired power units has been continu-
ously intensified. Under low-load conditions, combustion stability issues
caused by reduced pulverized coal feed, decreased furnace heat load, and low-
ered pulverized coal concentration have become increasingly prominent. Un-
like conventional louver-type pulverized coal concentration separators, a pul-
verized coal distributor was coupled with a swirl-straight flow synergistic
combustion stabilization system in this study. By regulating the air extraction
ratio on the swirl side, the directional redistribution of the primary air-pulver-
ized coal flow was achieved, thereby providing favorable aerodynamic condi-
tions for the formation of a stable ignition zone under low-load operation. A
combination of numerical simulation and cold-state experimental modeling
was employed to investigate the internal flow characteristics, airflow distribu-
tion behavior, and pressure loss characteristics of the louver-type pulverized
coal distributor. The results show that the louver blade structure can effec-
tively alter the flow direction of the primary airflow, allowing a portion of the
airflow to enter the swirl-side passage and achieving primary airflow redistri-
bution. The inlet height of the swirl-side passage has a significant influence on
the airflow distribution ratio, whereas the gradually expanding or contracting
structures have a relatively limited effect on the pressure loss characteristics of
the distributor. Considering the swirl-side airflow ratio, outlet velocity match-
ing, and pressure loss characteristics comprehensively, when the swirl-side in-
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let height is set to 137 mm, the airflow entering the swirl side accounts for
15.17% of the total airflow, the velocity ratio between the two outlets is 1.03,
and the overall pressure loss coefficient is 0.853. Although the pressure loss of
this structure is slightly higher than that of some cases with lower inlet heights,
it can satisfy the airflow supply requirement of the swirl side and achieve better
outlet jet matching performance. Therefore, it is selected as the recommended
structure. The results indicate that this structure can provide a reasonable pri-
mary airflow organization basis for the subsequent swirl-straight flow syner-
gistic combustion system. However, the effects on pulverized coal concentra-
tion distribution and combustion stability improvement still require further
verification through pulverized coal concentration measurements and com-
bustion experiments. The numerical simulation results show good agreement
with the experimental results. The simulated swirl-side airflow ratio is 15.28%
of the total airflow, while the experimental value is 15.17%, corresponding to
an absolute deviation of 0.11 percentage points and a relative error of 0.73%.
These results indicate that the developed model can reasonably reproduce the
selected integral airflow-distribution and pressure-loss characteristics of the
distributor under the investigated cold-state single-phase conditions. The
findings provide theoretical guidance and engineering references for the opti-
mization of pulverized coal flow organization under deep peak-shaving con-
ditions and for the retrofit of self-stabilizing combustion technologies in tan-
gentially fired coal-fired boilers.

Keywords

Deep Peak-Shaving, Swirl-Straight Flow Synergistic Combustion
Stabilization, Louver-Type Pulverized Coal Distributor, Airflow
Distribution, Cold-State Modeling Experiment, Numerical Simulation

1. Introduction

With the large-scale development and utilization of renewable energy sources,
such as wind and photovoltaic power, the uncertainty and intermittency of renew-
able energy generation in power systems have been continuously increased [1],
thereby imposing higher requirements on the flexible regulation capability of con-
ventional power sources [2]. As a crucial component of the power supply system
in China, coal-fired power units continue to play an essential role in ensuring the
secure and stable operation of the power grid and acilitating renewable energy
integration [3] [4]. Therefore, improving the wide-load operating capability of ex-
isting coal-fired power units, particularly enhancing their stable operation capa-
bility under low-load conditions during deep peak-shaving operation, has become
a key direction for the current flexibility-oriented retrofit of coal-fired power gen-
eration systems [5].

In response to the increasing demand for renewable energy accommodation,

which has resulted in more frequent participation of coal-fired power units in

DOI: 10.4236/ijcce.2026.121001

2 International Journal of Clean Coal and Energy


https://doi.org/10.4236/ijcce.2026.121001

L.Z. Guo et al.

peak-shaving operation, Wang et al [5] proposed a multi-scale load regulation
method based on the energy storage characteristics of steam turbines. By estab-
lishing a dynamic model of the power unit, the effects of different regulation strat-
egies on load response capability were analyzed, and the rapid load regulation per-
formance of the unit was improved. Furthermore, Wang et al. [6] developed an
evaluation framework for the flexibility retrofit of coal-fired power units, in which
the effects of boilers, steam turbines, auxiliary equipment, and other relevant com-
ponents were comprehensively considered. This framework provided a decision-
making basis for the implementation of customized flexibility retrofits for indi-
vidual coal-fired power plants. Richter et al [7] and Fiebrandt ef al [8] investi-
gated feasible approaches for enhancing the flexibility of coal-fired power plants
from the perspectives of operational characteristics and energy storage technology
applications. It was indicated that reducing the minimum stable operating load
and improving rapid load regulation capability are critical measures for enabling
coal-fired power units to accommodate the increasing penetration of renewable
energy.

Conventional coal-fired boilers are generally designed and optimized based on
rated-load or high-load operating conditions. However, under low-load opera-
tion, the reduction in fuel input leads to a decrease in the concentration of the
primary air-pulverized coal flow. Meanwhile, the reduction in the average furnace
temperature decreases the radiative and convective heat transfer received by pul-
verized coal particles, thereby inhibiting volatile matter release, prolonging igni-
tion delay, and reducing the combustion reaction rate. Consequently, flame sta-
bility deteriorates and combustion efficiency is decreased. For tangentially fired
coal-fired boilers, the in-furnace combustion stability is primarily maintained by
the swirling flow field generated by burner jets at each corner and the high-tem-
perature flame heat transfer between adjacent burners. Under normal load condi-
tions, the high-temperature flame formed by upstream adjacent burners can con-
tinuously provide ignition heat for downstream pulverized coal streams, thereby
sustaining a stable combustion process. However, under deep peak-shaving con-
ditions, the reduced pulverized coal supply and decreased furnace heat load sig-
nificantly weaken the intensity of adjacent corner flames. As a result, sufficient
ignition heat cannot be continuously supplied, and the ignition process of the pul-
verized coal flow is consequently restricted, ultimately reducing the minimum sta-
ble operating load of the boiler. Therefore, enhancing the ignition process of pul-
verized coal streams and improving flame stability under low-load conditions rep-
resent critical challenges that must be addressed for the deep peak-shaving oper-
ation of tangentially fired coal-fired boilers.

To address the deterioration of combustion stability under low-load conditions,
extensive investigations have been conducted by researchers worldwide, mainly
focusing on burner structure optimization, in-furnace aerodynamic field regula-
tion, and enhancement of pulverized coal flow organization. Among these ap-

proaches, optimizing burner configurations and strengthening high-temperature
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recirculation zones have been recognized as effective strategies for improving low-
load combustion stability. Wang et al [9] proposed a novel swirl burner with an
eccentric secondary air arrangement (NSB) to overcome the ignition difficulty of
anthracite in down-fired boilers under deep peak-shaving conditions. The flow
and combustion characteristics of the proposed burner were investigated through
a combination of cold-state modeling experiments and industrial boiler operation
tests. The results demonstrated that the proposed burner could enhance the in-
tensity of the recirculation zone beneath the arch, improve the uniformity of pul-
verized coal concentration distribution, and increase the downward penetration
depth of the airflow, thereby promoting more sufficient heat absorption by pul-
verized coal particles from high-temperature regions. Industrial test results indi-
cated that the adoption of this burner reduced the minimum stable combustion
load of the boiler from 150 MW to 90 MW, significantly enhancing the deep peak-
shaving capability of the power unit. Chang ef al [10] employed a computational
fluid dynamics (CFD) method to investigate the effects of burner tilt angles and
arrangement configurations on the in-furnace flow field, temperature distribu-
tion, and NOx emission characteristics of a 630 MW tangentially fired boiler op-
erating under low-load conditions. It was found that optimized jet flow organiza-
tion could improve the temperature distribution inside the furnace and enhance
flame stability during low-load operation. Furthermore, Ma et a/ [11] compared
the combustion characteristics of tangentially fired boilers, opposed-firing swirl
boilers, and down-fired boilers under low-load conditions. It was indicated that
an appropriate reduction in operating oxygen concentration could promote the
formation of localized reducing atmospheres, thereby improving combustion sta-
bility while suppressing NOy formation. Overall, previous studies have demon-
strated that the optimization of burner structures and regulation of in-furnace
airflow organization can effectively improve flow field distribution and flame sta-
bility under low-load conditions. However, these approaches mainly rely on mod-
ifications to burner configurations or operating parameters, and their capability
to directly enhance the intrinsic ignition characteristics of pulverized coal remains
relatively limited.

In addition to burner structure optimization and in-furnace aerodynamic field
regulation, enhancing the inherent ignition characteristics of pulverized coal has
also been recognized as an important approach for improving combustion stabil-
ity under low-load conditions. In recent years, various strategies, including pul-
verized coal preheating, pre-gasification, and combustion process decoupling,
have been developed to increase the initial reactivity of pulverized coal and im-
prove the ignition process under low-load operation. Tang et al [12] proposed a
novel low-NOy burner equipped with a pulverized coal preheating function and
investigated the effects of preheating temperature, air distribution mode, and load
variation on the combustion process using a 40 MW pulverized coal-fired boiler
test platform. The results indicated that pulverized coal preheating could increase

the initial temperature of coal particles, promote volatile matter release, and shorten
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the ignition distance, thereby improving combustion stability under low-load op-
erating conditions. Zhang et al [13] developed a novel burner based on pre-gasi-
fication combustion technology, and its combustion performance was evaluated
through a combination of CFD simulations and a 5 MW experimental platform.
The results demonstrated that this technology could enhance the ignition process
of pulverized coal under low-load conditions, enabling stable combustion to be
maintained over a wider low-load operating range. To address the challenges as-
sociated with ignition difficulties and NOxemission control during wide-load op-
eration of low-volatile coal, Wang et al [14] proposed a decoupled combustion
technology. By separating the coal pyrolysis and char combustion processes, the
residence time of pulverized coal particles in high-temperature regions was pro-
longed, thereby improving low-load combustion stability while simultaneously
reducing NOx formation. The aforementioned studies have demonstrated that
improving the thermophysical properties of pulverized coal and enhancing the
ignition reaction process can effectively improve the adaptability of boilers under
low-load operation. However, technologies such as pulverized coal preheating and
pre-gasification generally require additional energy input or complex auxiliary
systems, which may result in challenges related to equipment investment and op-
erational economy during engineering implementation. Therefore, utilizing the
inherent transport characteristics of pulverized coal and achieving passive con-
centration enhancement through optimized pulverized coal flow organization
have emerged as promising directions for the development of low-load combus-
tion stabilization technologies.

In recent years, extensive studies have been further conducted on burner struc-
ture optimization and operating parameter regulation to address the challenge of
ultra-low-load stable combustion during deep peak-shaving operation of coal-
fired boilers. Previous investigations have demonstrated that the ignition and
combustion stability under low-load conditions can be effectively improved by
optimizing the matching relationship between primary and secondary air, en-
hancing localized recirculation zones, and regulating pulverized coal flow organ-
ization. Huang ef al [15] investigated the effects of central air on the flow field
characteristics and low-load stability of a swirl burner through cold-state experi-
ments and industrial tests conducted on a 700 MW boiler. It was found that re-
ducing the central air flow rate could promote the earlier mixing of primary and
secondary air streams, thereby improving flame stability. Ding et a/ [16] proposed
a novel internally circulating fluidized bed preheating combustion device
equipped with an internal separator to address the ignition difficulty of low-vola-
tile fuels. The gas-solid flow characteristics of the proposed system were analyzed
through a combination of experimental and numerical approaches. Zhou et al
[17] investigated the effects of a pulverized coal concentrator, flame stabilization
ring, and baffle structures inside a low-NOX swirl burner on the formation of ig-
nition regions. The results indicated that appropriate pulverized coal concentra-

tion structures and recirculation organization could promote the formation of
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high-temperature and high-concentration regions, thereby enhancing combus-
tion stability.

Furthermore, Liu ef al [18], Yang ef al [19], and Jiang et al [20] investigated
large-scale tangentially fired boilers under various load conditions. The results
demonstrated that optimizing burner operation strategies and the primary-to-sec-
ondary air ratio could improve furnace temperature distribution and enhance op-
erational stability under low-load conditions. Ju ef al [21] further indicated that
coal properties exerted significant effects on the in-furnace temperature field, re-
ducing atmosphere, and NOx formation under low-load operation, and that ap-
propriate coal selection and matching could improve overall combustion perfor-
mance. Kim et al. [22] reported that the optimization of swirl structures could
strengthen the formation of the central recirculation zone and prolong the resi-
dence time of pulverized coal particles in high-temperature regions, thereby facil-
itating coal ignition.

Opverall, existing studies have mainly improved low-load combustion perfor-
mance through burner structure optimization and operating parameter regula-
tion. The underlying mechanisms primarily involve strengthening high-tempera-
ture recirculation, enhancing the mixing between pulverized coal and high-tem-
perature flue gas, and improving local ignition conditions. However, these ap-
proaches mainly rely on regulation of the in-furnace flow field, while further op-
timization of the active control of primary air-pulverized coal concentration dis-
tribution remains necessary.

In summary, current low-load combustion stabilization technologies for coal-
fired boilers mainly include operating parameter optimization, burner structure
modification, and auxiliary combustion stabilization technologies. Operating pa-
rameter optimization can improve furnace flow characteristics and combustion
conditions to some extent; however, its regulation range is restricted by boiler
configurations and fuel properties. Auxiliary stabilization technologies, such as
micro-oil ignition and plasma-assisted combustion, can provide additional igni-
tion energy and improve combustion stability under low-load conditions, but they
generally suffer from relatively high equipment investment costs and poor opera-
tional economy.

In contrast, autonomous combustion stabilization technologies that utilize the
inherent characteristics of pulverized coal to enhance the ignition process without
continuous auxiliary fuel input have gradually become an important development
direction for deep peak-shaving retrofits of coal-fired boilers. Cao et al [23] re-
viewed low-load combustion stabilization technologies for pulverized coal-fired
boilers and indicated that increasing pulverized coal concentration, enhancing re-
circulation heat transfer, and improving gas-solid mixing processes are effective
approaches for enhancing low-load combustion stability. Zhu et al [24] applied
preheating combustion technology to a tangentially fired boiler and achieved sta-
ble operation over a load range of 19% - 100%. Huang et al. [25] realized stable
combustion of a low-quality coal-fired boiler at 30% load by optimizing central

coal feeding, swirling slit air, and premixing structures.
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Pulverized coal concentration separation technology is considered one of the
effective approaches for improving pulverized coal combustion stability under
low-load conditions. By separating the gas-solid two-phase flow in the primary
air-pulverized coal stream, a coal-rich flow region can be generated locally, result-
ing in an increased pulverized coal concentration. This enhanced concentration
promotes inter-particle heat transfer and radiative heat exchange, thereby facili-
tating volatile matter release and coal ignition, and ultimately improving combus-
tion stability during low-load operation. Among various concentration separation
devices, the louver-type pulverized coal concentrator, as a key component of hor-
izontal rich-lean combustion technology, has been widely applied in large-scale
pulverized coal-fired boiler combustion systems due to its simple structure, high
separation efficiency, and relatively low pressure loss. Existing studies have mainly
focused on the effects of louver structural parameters on pulverized coal separa-
tion performance, concentration enhancement, pressure loss characteristics, and
internal gas-solid two-phase flow behavior. However, investigations into the cou-
pled application of louver-type pulverized coal concentrators with low-load com-
bustion stabilization systems in tangentially fired boilers remain relatively limited.
In particular, the mechanisms associated with the formation of coal-rich regions
through pulverized coal concentration separation and their influence on the com-
bustion stability of swirl-straight flow synergistic combustion systems have not
been sufficiently investigated. Nevertheless, previous studies on louver-type pul-
verized coal concentration technology have mainly concentrated on the enhance-
ment of pulverized coal concentration, separation efficiency, and pressure loss
characteristics. The flow redistribution mechanism when louver structures are
employed as pulverized coal distribution units in low-load combustion stabiliza-
tion systems, the optimization of the swirl-side air extraction ratio, and the match-
ing relationship between the distributor and the combustion system remain insuf-
ficiently understood.

To address these issues, a swirl-straight flow synergistic combustion stabiliza-
tion system based on a louver-type pulverized coal distributor is proposed in this
study. The proposed system employs an externally installed louver-type pulver-
ized coal distributor to achieve concentration separation and flow redistribution
of the primary air-pulverized coal mixture. By regulating the distribution ratio of
the primary air flow, a higher proportion of primary air-pulverized coal flow
can be directed toward the swirl side, thereby providing favorable pulverized
coal transport and combustion organization conditions for the subsequent swirl
combustion region and improving the airflow matching characteristics within
the swirl-straight flow synergistic combustion stabilization system.

A combination of cold-state modeling experiments and numerical simulations
was adopted to investigate the internal flow characteristics, airflow distribution
behavior, and pressure loss characteristics of the louver-type pulverized coal dis-
tributor. The effects of swirl-side inlet structural parameters on distributor per-

formance were analyzed, and optimized structural parameters suitable for the
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swirl-straight flow synergistic combustion stabilization system were obtained. The
results provide theoretical guidance and engineering references for optimizing pri-
mary air-pulverized coal flow organization and implementing autonomous combus-
tion stabilization technologies in tangentially fired coal-fired boilers under deep

peak-shaving conditions.

2. Model
2.1. Design Parameters

The research object investigated in this study is a 300 MW-class tangentially fired
coal-fired boiler, with the model number of SG-1025/17.5-M4006. The boiler
adopts a subcritical, single intermediate reheat, natural circulation, single-fur-
nace, balanced-draft, and dry bottom ash discharge configuration. A low-NOx
concentric firing system is employed, in which burners are arranged at four cor-
ners with tangential firing technology. Tilting burners are additionally equipped
to regulate the in-furnace aerodynamic field. The pulverizing system adopts a me-
dium-speed mill positive-pressure direct-firing configuration, equipped with five
coal mills, one of which serves as a standby unit. The coal mill model is ZGM95N-
I medium-speed mill, coupled with CS2024HP electronic gravimetric belt feeders.
The furnace cross-sectional dimensions are 12.800 m x 11.890 m, and the furnace
height is 51.422 m. The original boiler combustion system consists of five layers
of primary air nozzles, six layers of secondary air nozzles, one layer of compact
over-fire air nozzles, and three layers of separated over-fire air nozzles. Based on
the characteristics of the primary air-pulverized coal transport system of the in-
vestigated boiler, a swirl-straight flow synergistic combustion stabilization system
was designed in this study, and the flow characteristics of the louver-type pulver-
ized coal distributor incorporated in the system were investigated. The main de-
sign parameters of the boiler are listed in Table 1, and the fuel properties are sum-
marized in Table 2.

Table 1. Main design parameters of the boiler.

Parameters Symbol Unit Value
Superheated steam flow rate D, kg/s 265.27
Superheater outlet steam pressure P, MPa 16.75
Superheater outlet steam temperature T, °'C 535.03
Superheater outlet steam enthalpy T, kJ/kg 3389.5
Reheater outlet steam flow rate D, kg/s 265.57
Reheater outlet steam pressure P! MPa 3.28
Reheater outlet steam temperature T, °C 534.89
Reheater outlet steam enthalpy HY, kJ/kg 3532.9
DOI: 10.4236/ijcce.2026.121001 8 International Journal of Clean Coal and Energy
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Continued

Reheater inlet steam pressure P, MPa 3.51
Reheater inlet steam temperature T, °C 328.41
Reheater inlet steam enthalpy h, kJ/kg 3051.4
Economizer inlet feedwater temperature T, °C 276.07
Economizer inlet feedwater pressure P, MPa 18.23
Economizer inlet feedwater enthalpy H, kJ/kg 1212.3

Effective heat utilization ) KJ 705417.78

Lower Heating Value efficiency Tt p % 89.57

Input heat 0. kJ/kg 16888

Table 2. Coal properties analysis.

Parameters Value

Carbon (as received basis, %) 60.33
Hydrogen (as received basis, %) 3.62
Oxygen (as received basis, %) 9.94
Nitrogen (as received basis, %) 0.70
Total sulfur (as received basis, %) 0.41

Total moisture (%) 14.00

Ash (as received basis, %) 11.00

Volatile matter (dry ash-free basis, %) 36.50
Lower heating value (as received basis, MJ/kg) 22.76

2.2. Mathematical Model

To investigate the internal flow characteristics of the louver-type pulverized coal
distributor, a computational fluid dynamics (CFD) method was employed to sim-
ulate the isothermal airflow behavior under cold-state conditions inside the dis-
tributor. Since this study primarily focuses on the velocity distribution, pressure
variation, and flow redistribution characteristics of the primary air stream after
passing through the louver structure, complex factors associated with pulverized
coal particles were simplified. Accordingly, a single-phase incompressible air
model was established. During the calculation process, the governing equations
were discretized and solved using the finite volume method (FVM). The internal
flow field distribution of the distributor was obtained through numerical simula-
tions, and the reliability of the developed model was further validated by compar-
ison with experimental results.

The flow inside the louver-type pulverized coal distributor represents a typical
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complex turbulent flow within a confined space. After entering the distributor,
the primary air flow is redirected under the guidance of the louver blades. Mean-
while, due to the blockage effect of the blades and variations in flow passage cross-
sectional area, complex flow phenomena, including velocity gradients, local pres-
sure losses, and secondary flows, are generated inside the distributor. Therefore,
an appropriate turbulence model is required to accurately describe the flow char-
acteristics within the distributor.

Turbulence Model:

The fluid motion satisfies the conservation equations of mass, momentum, and
energy. The governing equations are expressed as follows [26].

Continuity equation:

aa—’;)—i-aix[(pui)zo (1)

where u, represents the mean velocity of the airflow in the i direction (m/s),
and u; representsthe ; direction component of the velocity vector.

Momentum equation:

where x; represents the j direction component of the velocity vector; u,
represents the mean velocity of the airflow in the j direction (m/s); p repre-
sents the pressure (Pa); u represents the dynamic viscosity (kg/(m-s)); p, rep-
resents the density of the fluid (kg/m?); and F,, represents the external force
component (N).

Energy equation:

ar o o[, er
c, L _2_2 1% 00 3
5 e axj[ ax]} 2L ®

where C, represents the specific heat capacity of the fluid (J/(kg'K)); T repre-
sents the temperature (K); A represents the thermal conductivity (W/(m-K));
o, represents the component reaction rate; and Q, represents the component
heat source (]).

The realizable k- emodel was selected as the turbulence model for the numerical
simulations in this study [27]. Compared with the standard k-£ model, the realiz-
able k-emodel exhibits superior prediction capability for complex flows involving
swirl, jets, flow separation, and strong velocity gradients. It can more accurately
capture the flow separation, secondary flow, and velocity redistribution induced
by the louver blades. Therefore, the realizable k- model was employed to simulate
the internal flow characteristics of the louver-type pulverized coal distributor. The

corresponding transport equations are expressed as follows:

o( pku,
M+M:il:[’u+iJ§_k:|+Gk+Gb_pg_Ym+Sk (4)
i X

ot ox, Ox; o} ) Ox;
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g M[@xj 6xl}6xi ©
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where k represents the turbulent kinetic energy (m?/s?); ¢ represents the tur-
bulent kinetic energy dissipation rate (m?/s’); g, represents the turbulent vis-
cosity (Pa:s); o, and o, represent the turbulent Prandtl numbers for the &
and ¢ equations, respectively; G, and G, represent the generation terms of
turbulent kinetic energy caused by mean velocity gradients and buoyancy effects,
respectively; Y represents the contribution of fluctuating dilatation in com-
pressible turbulence; S, and S, represent user-defined source terms; G, ,
G,,, G,,,and Pr, represent empirical constants; £ represents the thermal
expansion coefficient; v represents the kinematic viscosity; and g, represents

the gravitational acceleration component in the i direction.

2.3. Evaluation Indicators

The parameters of the actual equipment and the scaled-down equipment are listed
in Table 3.

Table 3. Parameters of the actual equipment and the scaled-down equipment.

Parameters Symbol  Actual equipment  Scaled-down equipment
Geometric scale ratio A 1 0.5
Hydraulic diameter D, 0.546 m 0.273 m
Inlet area A 0.234 m? 0.0591 m?
Average inlet velocity U 22 m/s 22 m/s
Air density (20°C) P 1.205 kg/m? 1.205 kg/m?
Dynamic viscosity H 1.81 x 1075 Pa-s 1.81 x 107° Pa-s

To evaluate the internal flow characteristics of the actual equipment and the
scaled-down equipment, the Reynolds number is adopted as the criterion for flow
similarity, and the calculation equation is given as follows [28]:
oD,

Cou

Re (8)

where p represents the air density, kg/m?* U represents the average inlet ve-
locity of the distributor, m/s; D, represents the hydraulic diameter, m; and u

represents the dynamic viscosity of air, Pa-s.
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To ensure that the flow interaction between the swirl side and the lean side in
the actual equipment and the scaled-down model remained consistent, the airflow

momentum ratio is introduced [28]:

J=—= )

where M represents the airflow momentum on the swirl side, and M, repre-
sents the airflow momentum on the lean side.

The airflow momentum flux was defined as follows:

M = pAU? (10)
Scaled-down model momentum ratio [28]:
2

j=£AY, (11)
AU,

To verify the flow similarity between the actual equipment and the scaled-down
model, further comparisons of the Reynolds number and momentum ratio under
the two scales are performed. The Reynolds number is calculated using the inlet
hydraulic diameter as the characteristic length. The results show that the Reynolds
numbers of the actual equipment and the scaled-down model are 7.99 x 10° and
4 x 10°, respectively. Both values are within the high-Reynolds-number flow re-
gime (Re > 10°), indicating that the requirements of the second self-modeling re-
gion are satisfied. Therefore, the scaled-down model is capable of reproducing the
main flow characteristics of the actual equipment. Meanwhile, based on the air-
flow momentum calculation for the swirl side and lean side, the momentum ratios
under the two scales are determined to be 0.185 and 0.185, respectively. The con-
sistency of the momentum ratio demonstrates that the momentum distribution
relationship between the two airflow streams in the actual equipment can be
maintained in the scaled-down model. Therefore, the scaled-down model is con-

sidered suitable for cold-state experiments and numerical simulations (Table 4).

Table 4. Comparison of results between the actual equipment and the scaled-down equip-

ment.
Parameters Symbol  Actual equipment Scaled-down equipment
Reynolds number Re 7.99 x 10° 4x10°
Momentum ratio J 0.185 0.185

The operating principle of the louver-type pulverized coal distributor is illus-
trated in Figure 1. After entering the distributor, the primary airflow is redirected
by the louver blades and divided between two outlet passages. By adjusting the
structural parameters of the distributor, the airflow fractions entering the two pas-
sages can be regulated to satisfy the air-distribution requirements of the down-
stream combustion system. Because only single-phase airflow was investigated in
the present study, differences in pulverized coal concentration between the two
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outlets were not directly measured and therefore cannot be determined from the
present results. According to the requirements of practical engineering applica-
tions, the outlets of the distributor are connected to the swirl burner and the straight-
flow burner, respectively. The outlet passage connected to the swirl burner is defined
as the swirl side, while the outlet passage connected to the straight-flow burner is
defined as the straight-flow side. The swirl side is mainly used to supply the pri-
mary air-pulverized coal flow for the newly developed swirl burner, whereas the
straight-flow side provides the primary air-pulverized coal flow for the original
straight-flow burner. In the proposed system, the outlet connected to the swirl
burner is intended to receive the coal-enriched stream expected from the conven-
tional operating mechanism of a louver-type separator. This arrangement is de-
signed to provide potentially favorable conditions for establishing a locally coal-
rich region and improving ignition stability under low-load conditions. However,
the pulverized coal concentration distribution and its influence on ignition stabil-
ity were not measured in the present single-phase study and require verification
through gas-solid two-phase and combustion experiments. Meanwhile, the lean
pulverized coal flow is transported to the straight-flow burner to maintain the
original straight-flow combustion mode. Therefore, in the following sections of
this paper, the terms “swirl side” and “straight-flow side” refer to the outlet pas-
sages corresponding to different types of burners, whereas “rich side” and “lean
side” represent the outlet passages classified according to pulverized coal concen-
tration. These two definitions describe the outlet characteristics of the distributor
from different perspectives, namely burner function and pulverized coal concen-

tration distribution.

swirl-side pulverized
coal flow

pulverized coal flow
_—

lean-side pulverized
coal flow

Figure 1. Schematic diagram of the louver-type pulverized coal distributor.

The louver-type pulverized coal distributor consists of a four-stage blade struc-
ture. The flow inside the distributor is approximately considered as a two-dimen-
sional flow; therefore, the diffusion of airflow in the z direction is neglected in this
study. The main structural parameters of the louver-type pulverized coal distrib-
utor include the distributor width D, blade width 5, blade inclination angle
o , blade spacing c¢, blade coverage height s, total blade blockage height #,

number of blades 7, and overall distributor length.
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During the design process, the thickness of the distributor in the z direction is
set as 0.759 m, and the width is defined as D = 0.696 m. The Reynolds number of
the model is calculated to be approximately 1.85 x 10°. Therefore, the airflow in-
side the distributor is located in the second self-similar region, indicating that the
gas flow characteristics in the model can effectively represent the actual flow be-
havior inside the distributor.

The main dimensionless structural parameters of the concentrator are defined
as follows [29]:

Blade spacing ratio:

d=—"— (12)
bxcosa
Blade coverage ratio:
s
w=——— 13
bxsina (13)
Blade blockage ratio:
z= ﬁ (14)
a

The performance of the louver-type pulverized coal distributor is mainly eval-
uated based on the airflow velocity, pulverized coal flow rate, and pressure distri-
bution at the inlet and outlets of the distributor. In this study, seven performance
parameters are specifically defined.

Rich-to-lean air ratio:

R, = 9 (15)

o

where Q, represents the volumetric flow rate of the rich-side pulverized coal
airflow (m®/s); Q, represents the volumetric flow rate of the lean-side pulverized
coal airflow (m?/s). The rich-to-lean air ratio is generally greater than 1 and is
expected to approach 1, which ensures a more uniform velocity distribution of the
rich and lean primary air streams at the burner outlet. More importantly, it con-
tributes to achieving a higher concentration ratio of pulverized coal.

Rich-side airflow ratio:

7n:% (16)

0

where (O represents the volumetric flow rate of the pulverized coal airflow at the
concentrator inlet (m®/s).

Lean-side airflow ratio:

Y
Vi=—% (17)

0

Total pressure loss coefficient:

Ap.
§=—73 (18)

pUin

2g
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where Ap, represents the static pressure difference between the inlet and outlet

2
of the distributor (mmH,O); P 2Ui” represents the inlet dynamic pressure of the
g

airflow (mmH,O). A lower value of { 1is preferred, because an excessively high

pressure loss coefficient can adversely affect primary air supply and pulverized
coal transportation.

Rich-side pressure loss coefficient:

Ap
=t (19)
> PUs
2g
where Ap, represents the total pressure difference between the inlet and the

rich-side outlet (mmH,0), AP, = AP, +2£(U; -U, j), and U, represents the
‘ g

airflow velocity at the rich-side outlet (m/s).

Separation efficiency:

=g (20)

o

where G, represents the pulverized coal mass flow rate on the rich side (kg/s),
and G, represents the pulverized coal mass flow rate at the concentrator inlet
(kg/s).

In addition, certain relationships exist among the performance indicators of the
louver-type pulverized coal distributor. These relationships can be used to facili-

tate the processing and analysis of experimental data:

P 1)
R, n-1

R, =77-(1+LJ (22)
RQ
R (R,+1

an—f( ) (23)
RR,+1

3. Numerical Simulation and Experiments
Experimental Method

To investigate the internal airflow characteristics of the louver-type pulverized
coal distributor and the effects of different structural parameters on airflow dis-
tribution, a cold-state single-phase experimental method is adopted. The experi-
mental system mainly consists of an air supply system, an airflow measurement
device, a louver-type pulverized coal distributor model, a pressure measurement
device, and a data acquisition system.

A positive-pressure air supply mode is employed in the experiment. The inlet
airflow velocity is controlled by adjusting the valve installed in the air supply pipe-

line. The total inlet airflow rate, outlet airflow rates on the swirl side and lean side,
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and system pressure loss are measured. To reduce the influence of random meas-
urement errors, each operating condition is repeatedly tested three times, and the
average value of the three measurements is taken as the final experimental result.
During the experiment, the inlet airflow rate is maintained at a stable level to min-
imize the influence of airflow fluctuations on the measurement results. The overall

configuration of the experimental setup and the louver-type pulverized coal dis-

tributor model are shown in Figure 2.

(b)

Figure 2. Single-phase cold-state experimental test rig. (a) Photograph of the experimental
test rig, (b) Photograph of the distributor model.

The airflow velocity is measured using an IFA300 constant-temperature hot-
wire/hot-film anemometer manufactured by TSI, USA. The instrument provides
a high temporal response and measurement accuracy, and therefore satisfies the
requirements for measuring the outlet velocity distribution of the louver-type pul-
verized coal distributor. The measurement cross-sections at the swirl side and lean
side outlets are arranged in the stable flow region downstream of the outlet. A
multi-point sampling method is adopted for velocity measurement. During the
measurement process, the probe is moved point by point along the outlet cross-
section at equal intervals, ensuring that the measurement points cover the main
flow region of the outlet. The local velocity at each measurement point is obtained,
and the average velocity over the outlet cross-section is calculated based on the
statistical analysis of multiple measurement results, thereby reducing the influence of
local flow non-uniformity on the measurement accuracy. The hot-wire anemometry
system and data acquisition device are shown in Figure 3.

To ensure that the flow conditions within the experimental model adequately
represent the operating characteristics of the actual louver-type pulverized coal
distributor, the cold-state modeling experiments are conducted according to the
principles of geometric similarity, Reynolds-number similarity, and momentum-
ratio similarity. The experimental model is scaled from the actual distributor at a
geometric scale ratio of 1:2, while geometric similarity is maintained for all major
structural parameters. According to similarity theory, when the Reynolds number
Re > 10°, the flow enters the second self-similar regime. Under this condition, the

flow resistance and velocity distribution are governed primarily by the geometric
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connecting cable IFA 300 constant
temperature Interface board
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Figure 3. Hot-wire anemometry and data acquisition system.

configuration and are relatively insensitive to variations in the Reynolds number.
In the present experiments, the Reynolds numbers of the airflow in the model
ducts are all greater than 10°, thereby satisfying the requirement for Reynolds-
number similarity. In addition, according to the principle of momentum-ratio
similarity, the inlet airflow rate of the model is adjusted so that the momentum
ratios among the internal flow passages are consistent with those of the actual
device. Consequently, satisfactory dynamic similarity is achieved between the ex-
perimental model and the actual louver-type pulverized coal distributor.

During the experiments, the total inlet airflow rate is measured using an aver-
aging Pitot tube (Annubar-type flow probe) installed in the fully developed sec-
tion of the air supply duct. The inlet airflow velocity is determined based on the
cross-sectional average dynamic pressure obtained from the measurement sec-
tion, and the total inlet airflow rate is calculated according to the cross-sectional
area of the duct. Since the averaging Pitot tube is a non-standard flow measure-
ment device, calibration is performed using a standard Pitot tube before the ex-
periments. The measured cross-sectional flow rate obtained by the standard Pitot
tube is used as the reference value to determine the calibration coefficient of the
averaging Pitot tube, thereby reducing the systematic error in airflow measure-
ment. The installation arrangement of the averaging Pitot tube is shown in Figure
4. The pressure loss across the louver-type pulverized coal distributor is measured
using a static-pressure U-tube manometer. Because the outlets of the cold-state
experimental system are exposed to ambient pressure, the liquid-column height
difference measured by the U-tube manometer is used to determine the static
pressure difference between the distributor inlet and outlets, thereby obtaining
the system pressure loss. The outlet airflow rates on the swirl and lean sides are

measured using Pitot tubes. The measurement sections are arranged in the stable
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flow regions downstream of the distributor outlets. The average dynamic pressure
over each cross-section is obtained through multipoint measurements, and the
mean airflow velocities and volumetric flow rates at the swirl-side and lean-side

outlets are further calculated.

Figure 4. Schematic diagram of the arrangement of the Pitot tube in the air supply duct.

For the i-th measurement point obtained using the Pitot tube, the local velocity

fZA .
Ui — pd,l (24)
P

where U, represents the airflow velocity at the i-th measurement point, m/s; and

can be expressed as follows [30]:

Ap,,; represents the dynamic pressure at the i-th measurement point, Pa.
Based on the measurement results at each point, the cross-sectional average ve-

locity U is obtained, and the outlet volumetric flow rate is calculated as follows:

0=4U (25)

where A represents the effective flow area of the measurement cross-section,
m%and U represents the cross-sectional average velocity, m/s.

To evaluate the uncertainty propagation of the experimental measurement er-
ror to the airflow rate and pressure loss coefficient, an uncertainty analysis is per-
formed. Under the condition that the input quantities are mutually independent,
the combined relative standard uncertainty of the air volumetric flow rate can be

expressed as follows [31]:

2 —\ 2
u( )], [O)
u = ||—=| +|—== 26
Q) { y } = (26)
where u(A) represents the standard uncertainty of the flow area; and u(l._/ )
represents the standard uncertainty of the cross-sectional average velocity.

For the velocity measured by the Pitot tube, its relative standard uncertainty

can be further expressed as follows:
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2 2
_ A
0, (T)=1 {”( pd)} J{”(p)} (27)
2\ Ap, p
where u(Ap,) represents the standard uncertainty of dynamic pressure meas-
urement; and ( p) represents the standard uncertainty of air density.
According to the first-order uncertainty propagation relationship and the defi-

nition equation of the pressure loss coefficient, the relative standard uncertainty

is obtained as follows:

o [T

where u (Ap) . u ( p) ,and u (U 0) represent the standard uncertainties of pres-

sure loss, air density, and inlet average velocity, respectively.

To investigate the influence of the swirl-side inlet geometry on the airflow dis-
tribution performance of the louver-type pulverized coal distributor, the main dis-
tributor structure is kept unchanged while different test conditions are established
by varying the swirl-side inlet height. Six inlet heights are considered: 146 mm,
137 mm, 132 mm, 127 mm, 120 mm, and 116 mm. The corresponding structural

()

configurations are shown in Figure 5.

(P

7 7Y
| // | // -
9, (D ()
G AP
| |

( 127my/ ( 120my/
116mm

Figure 5. Configurations of the louver-type pulverized coal distributor with different swirl-side inlet heights (from left to right and

from top to bottom: Cases 1 - 6).
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Based on the cold-state experimental results, the operating condition with a
swirl-side inlet height of 137 mm is selected for the numerical simulation. The
computational model is established according to the dimensions of the experi-
mental model, and the test section of the distributor is 2.672 m in length. To min-
imize the influence of the inlet and outlet boundary conditions on the internal
flow field, a 1 m inlet development section and a 0.9 m outlet development section
are added to the computational domain. The computational domain is discretized
using a three-dimensional multi-block structured mesh composed of hexahedral
cells. To ensure sufficient numerical accuracy, local mesh refinement is applied in
the louver-blade region, the swirl-side inlet region, and regions where the flow-
passage cross-section changes. Grid-independence analysis is performed using
three meshes with coarse, medium, and fine resolutions, containing approximately
1.50 million, 2.55 million, and 4.00 million cells, respectively. The swirl-side outlet
velocity and the overall pressure loss coefficient are selected as the evaluation pa-
rameters. The results show that increasing the mesh size from approximately 2.55
million to 4.00 million cells results in only minor variations in the key evaluation
parameters, with the maximum deviation remaining below 2%. Therefore, the mesh
containing approximately 2.55 million hexahedral cells is adopted for the subse-
quent calculations, providing an appropriate balance between computational ac-
curacy and efficiency. The computational model and mesh configuration are shown

in Figure 6.

Figure 6. Computational model and mesh configuration of the louver-type pulverized coal
distributor.

The inlet boundary conditions for the numerical simulations are specified ac-
cording to the cold-state experimental conditions. The inlet adopts a velocity-inlet
boundary condition, with the average inlet velocity set to 22 m/s. The inlet turbu-
lence parameters are defined using the turbulence intensity and hydraulic diame-
ter, with the turbulence intensity set to 10%. The hydraulic diameter of the actual
equipment is 0.546 m, while the hydraulic diameter of the cold-state experimental
model and numerical simulation model is 0.273 m, which is established according
to the geometric scale ratio of 1:2 between the model and the actual equipment. A
pressure-outlet boundary condition is imposed at the outlet to represent fully de-
veloped pipe-flow conditions. All solid walls are treated as no-slip boundaries to
account for the restriction imposed by the distributor walls on the airflow. During
the numerical calculations, the governing equations are spatially discretized using
the third-order MUSCL scheme to reduce numerical diffusion and improve spa-

tial accuracy. Pressure-velocity coupling is achieved using the SIMPLE algorithm,
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while the PRESTO scheme is employed for pressure interpolation. Convergence
is considered to be achieved when the residuals of all governing equations de-

crease below 107,

4. Results and Discussion

4.1. Effect of Swirl-Side Inlet Height on Distribution Performance

The experimental results obtained for different swirl-side inlet configurations are
presented in Table 5. The swirl-side inlet height is a key structural parameter gov-
erning the redistribution of the primary air-pulverized coal flow. Variations in
this parameter not only alter the effective flow area at the swirl-side inlet, but also
affect the local pressure distribution in the louver region and the extent of airflow
deflection. Consequently, the swirl-side inlet height directly determines the pro-
portion of airflow entering the swirl-side passage and the matching of jet momen-
tum between the two outlets. As shown in Table 5, variations in the swirl-side
inlet height lead to pronounced changes in the swirl-side outlet velocity, airflow
distribution ratio, and system pressure loss. These results indicate that the inlet
geometry exerts a significant influence on the internal flow organization of the

distributor.

Table 5. Experimental results of the louver-type pulverized coal distributor.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Parameters Unit 146 mm 137 mm 132mm 127 mm 120 mm 116 mm

38.42% 36.05% 34.74% 33.42% 31.58% 30.53%
Swirl-side airflow velocity m/s  14.16 15.56 14.19 15.0 12.85 12.6
Lean-side airflow velocity m/s  15.56 15.08 15.25 15.5 15.68 15.9
Swirl-side/lean-side velocity ratio - 0.91 1.03 0.93 0.97 0.82 0.79
Swirl-side airflow rate m*h  646.03  709.46  647.53  684.15 603.69 574.18

Lean-side airflow rate m*h 4093.57 3967.23 4010.54 4086.25 412529 4171.57
Swirl-side/lean-side airflow-rate ratio % 15.75 17.88 16.14 16.74 14.63 13.76
Swirl-side airflow fraction of the total airflow % 13.63 15.17 14.0 14.34 12.81 12.10
Design swirl-side airflow fraction % 11.74 11.74 11.74 11.74 11.74 11.74
Experimental-to-design swirl-side airflow ratio - 1.161 1.292 1.193 1.221 1.091 1.031

Pressure loss coefficient of the square-to-round transition

on the swirl side

- 0.7288  0.3049  0.5161  0.4902 1.0 1.1195

Overall pressure loss coefficient with the swirl side open - 0.908 0.853 0.817 1.078 0.895 0.602

Pressure loss coefficient with the swirl side closed - - 0.974 1.125 1.033 0.886 -

To satisfy the primary air flow organization requirements of the swirl-straight
flow synergistic combustion stabilization system, the airflow distribution ratio on

the swirl side, outlet velocity matching, and system pressure loss are selected as
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the main evaluation indicators for optimizing the inlet height of the swirl-side
passage. According to the system design parameters, the designed airflow ratio on
the swirl side accounts for 11.74% of the total airflow. The engineering design
specified a nominal swirl-side airflow fraction of 11.74%, but no strict acceptance
ranges are prescribed for the airflow fraction, outlet velocity ratio, or pressure loss
coefficient. The nominal swirl-side airflow fraction of 11.74% is used as an engi-
neering reference rather than as a strict set point, because no predetermined ac-
ceptance ranges are available for the airflow fraction, outlet velocity ratio, or pres-
sure-loss coefficient. The outlet velocity ratio is treated as the primary compara-
tive criterion, followed by the overall pressure-loss coefficient and the swirl-side
airflow-supply capability. The 137 and 127 mm configurations produced velocity
ratios of 1.03 and 0.97, respectively, and are therefore equally close to unity. How-
ever, the 137 mm configuration exhibited a lower overall pressure-loss coefficient
than the 127 mm configuration (0.853 versus 1.078). Although the 132 mm con-
figuration produced a slightly lower pressure-loss coefficient of 0.817, its outlet
velocity ratio of 0.93 deviated further from unity. Therefore, among the six inves-
tigated configurations, the 137 mm configuration is selected as the preferred en-
gineering compromise. This selection is comparative and should not be inter-
preted as a universal optimum. The selection of the preferred configuration rep-
resents a trade-off among these indicators rather than compliance with predeter-
mined acceptance limits.

When the swirl-side inlet height decreases from 146 mm to 137 mm, the swirl-
side outlet velocity increases from 14.16 m/s to 15.56 m/s, corresponding to an
increase of approximately 9.9%. Meanwhile, the swirl-side airflow rate increases
from 646.03 m*/h to 709.46 m*/h, and its proportion of the total airflow rises from
13.63% to 15.17%. This behavior is mainly attributed to the reduction in the ef-
fective inlet area on the swirl side. As the inlet height is moderately reduced, part
of the airflow that originally travels along the main flow direction is more strongly
constrained by the inlet boundary and is therefore more readily deflected laterally
under the guidance of the louver blades. As a result, the transverse momentum
directed toward the swirl-side passage is enhanced. In addition, a moderate re-
duction in inlet height strengthens the pressure gradient near the swirl-side inlet,
further promoting lateral flow deflection and improving the air extraction capa-
bility of the swirl-side passage. Thus, as the inlet height decreases from 146 mm
to 137 mm, the airflow redistribution capability of the distributor is progressively
enhanced.

However, further reduction in the swirl-side inlet height does not lead to a con-
tinued increase in the extracted airflow. When the inlet height decreases from 137
mm to 116 mm, the swirl-side outlet velocity decreases from 15.56 m/s to 12.60
m/s, while the swirl-side fraction of the total airflow decreases from 15.17% to
12.10%. This decline is mainly associated with the intensified local contraction
effect caused by an excessively small inlet. As the airflow passes through the nar-

rowed region, larger velocity gradients and greater local pressure losses are gen-
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erated, thereby reducing the effective flow rate through the swirl-side passage.
Moreover, with a further decrease in inlet height, the restriction imposed by the
flow passage becomes stronger and the local high-velocity region expands. A
greater proportion of the available pressure difference is consequently dissipated
in overcoming local flow resistance rather than being converted into an increase
in swirl-side airflow.

Therefore, a transition exists from enhanced airflow deflection to increased
flow blockage as the swirl-side inlet height is reduced. An excessively small inlet
ako limits the effective area available for airflow entering the swirl-side passage,
thereby weakening the redistribution effect induced by the louver structure. Ac-
cordingly, the relationship between the swirl-side inlet height and the air extrac-
tion capability is not simply monotonic; instead, an optimum matching range ex-
ists.

Therefore, a transition exists from enhanced airflow deflection to increased
flow blockage as the swirl-side inlet height is reduced. An excessively small inlet
also limits the effective area available for airflow entering the swirl-side passage,
thereby weakening the redistribution effect induced by the louver structure. Ac-
cordingly, the relationship between the swirl-side inlet height and the air extrac-
tion capability is not simply monotonic; instead, an optimum matching range ex-
ists.

Further analysis of the velocity matching between the swirl-side and lean-side
outlets indicates that, when the swirl-side inlet height is 137 mm, the outlet veloc-
ity on the swirl side is 15.56 m/s, whereas that on the lean side is 15.08 m/s. The
resulting velocity ratio reaches 1.03, which is close to the ideal condition. A high
degree of velocity matching ensures a coordinated momentum distribution of the
inlet airflow to the subsequent swirl burner and straight-flow burner, thereby
avoiding deviations in the in-furnace aerodynamic field caused by excessive dif-
ferences in jet velocity between the two sides. For tangentially fired boilers, the jet
momentum distribution of the burners directly affects the stability of the rotating
flow field in the furnace. If the outlet velocities on the swirl side and straight-flow
side differ excessively, local jet penetration capability may be altered, and the in-
furnace aerodynamic field may be shifted accordingly. Therefore, while the en-
hancement of pulverized coal concentration is required, a reasonable velocity
matching relationship between the two outlet streams should also be ensured.

By contrast, when the inlet height is reduced to 116 mm, although the overall
pressure loss coefficient of the system decreases to 0.602, the velocity ratio be-
tween the swirl side and the lean side is only 0.79. This indicates that the outlet
velocity on the swirl side is substantially lower than that on the straight-flow side,
resulting in unfavorable outlet velocity matching between the two passages.
Therefore, when evaluating the performance of the louver-type pulverized coal
distributor, pressure loss alone cannot be regarded as the sole criterion. The swirl-
side airflow supply and outlet velocity ratio should also be considered. The airflow

redistribution capability and outlet velocity matching should also be comprehen-
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sively considered. Among the six configurations, the 137 mm case provides the
closest outlet velocity matching, with a swirl-side/straight-flow-side velocity ratio
of 1.03. Its swirl-side airflow fraction of 15.17% exceeds the design value of
11.74%, while its overall pressure loss coefficient of 0.853 is not the lowest among
the investigated cases. Therefore, the 137 mm configuration is selected primarily
because it provides the best outlet velocity matching while maintaining sufficient
swirl-side airflow supply and a moderate pressure loss. This selection represents a
multi-criteria engineering trade-off rather than the optimization of any single in-
dicator. Overall, the 137 mm configuration provides the most favorable compro-
mise among outlet velocity matching, swirl-side airflow supply, and system pres-

sure loss.

4.2. Analysis of the Internal Flow Characteristics of the
Louver-Type Distributor

To further elucidate the influence of the louver structure on the flow behavior of
the primary air-pulverized coal stream, numerical simulations are performed to
analyze the internal velocity field of the distributor under the condition with a
swirl-side inlet height of 137 mm. Figure 7 presents the velocity distribution on
the central section of the louver-type pulverized coal distributor. The velocity dis-

tributions at the swirl-side and lean-side inlet sections are also shown in Figure 7.

Magnitude Velocity 0 2.6 52 7.8 104 13 15.618.220.8 23.4 26

Figure 7. Velocity distribution on the central widthwise section of the louver-type pulver-
ized coal distributor.

As shown in Figure 7 and Figure 8, the primary airflow undergoes pronounced
deflection after entering the distributor under the guiding effect of the louver
blades, resulting in the formation of two major flow regions. The airflow adjacent
to the blades is redirected by the blade blockage and gradually enters the swirl-
side passage, whereas the remaining airflow continues approximately along its
original direction and ultimately enters the lean-side passage. Near the leading
edges of the blades, the abrupt change in the flow-passage cross-section acceler-
ates the airflow and produces local high-velocity regions. Meanwhile, flow sepa-
ration occurs on the leeward sides of the blades, giving rise to low-velocity and
locally negative-pressure regions. This non-uniform velocity distribution consti-
tutes an important mechanism by which the louver structure induces airflow de-

flection and redistribution.
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Figure 8. Velocity distributions at the swirl-side and lean-side inlet sections.

As the airflow proceeds toward the outlets, pronounced velocity gradients de-
velop in the swirl-side passage because of the curved flow path and variations in
the passage cross-section. Owing to the centrifugal effect in the bend, the airflow
velocity on the outer side of the curved passage is higher than that on the inner
side. After passing through the downstream development section, however, the
velocity distribution gradually becomes more uniform. This indicates that the out-
let development section plays an important role in improving airflow uniformity.

From the perspective of the overall flow process, the louver blades do not simply
divide the airflow mechanically. Instead, the redistribution of the primary air flow
is achieved by changing the local pressure distribution and flow direction. There-
fore, the proportion of primary air flow entering the swirl side and lean side can
be regulated through reasonable design of the inlet structural parameters, provid-
ing suitable airflow matching conditions for the subsequent swirl-straight flow
synergistic combustion system. It should be noted that the single-phase air model
and cold-state experimental method adopted in this study are mainly used to ver-
ify the influence of the louver structure on airflow distribution characteristics. The
redistribution of pulverized coal concentration and its effects on the combustion
process require further investigation through gas-solid two-phase experiments

and combustion tests.

4.3. Comparison between Numerical Simulation and
Experimental Results

To validate the reliability of the numerical model in predicting the flow charac-
teristics of the distributor, the simulation results are compared with the cold-state

experimental data, as presented in Table 6.
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Table 6. Comparison between experimental and numerical results for the louver-type pul-
verized coal distributor.

Experimental Numerical Absolute Relative

Parameters .
result result deviation  error
Swirl-side outlet velocity 15.56 m/s 14.98 m/s 0.58 3.73%
Lean-side outlet velocity 15.08 m/s 14.01 m/s 1.07 7.10%
Swirl-side/lean-side velocity ratio 1.03 1.07 0.04 3.88%
Swirl-side airflow fraction of the
. 15.17% 15.28% 0.11 0.73%
total airflow
Pressure loss coefficient of the
square-to-round transition on the 0.30 0.32 0.02 6.67%
swirl side
Overall pressure loss coefficient 0.853 0.87 0.017 1.99%

As shown in Table 6, the numerical simulation results are generally consistent
with the experimental measurements in terms of the overall trends. To quantita-
tively evaluate the prediction accuracy of the numerical model, the relative errors
of each evaluation parameter are further calculated. The relative error is defined
as the absolute difference between the simulated and experimental values divided
by the experimental value. The simulated and experimental swirl-side outlet ve-
locities are 14.98 m/s and 15.56 m/s, respectively, with a relative error of 3.73%.
The simulated and experimental lean-side outlet velocities are 14.01 m/s and 15.08
m/s, respectively, with a relative error of 7.10%. The simulated velocity ratio be-
tween the two outlets is 1.07, compared with the experimental value of 1.03, re-
sulting in a relative error of 3.88%.

For airflow distribution, the simulated swirl-side airflow ratio is 15.28% of the
total airflow, while the experimental value is 15.17%. The absolute deviation be-
tween the two values is only 0.11 percentage points, corresponding to a relative
error of 0.73%. In terms of pressure loss characteristics, the simulated pressure
loss coefficient of the swirl-side circular duct is 0.32, compared with the experi-
mental value of 0.30, resulting in a relative error of 6.67%. The simulated overall
pressure loss coefficient is 0.87, while the experimental value is 0.853, with a rela-
tive error of 1.99%. The differences between the numerical and experimental re-
sults can mainly be attributed to several factors. The numerical model neglects the
two-phase coupling between pulverized coal particles and the airflow; small devi-
ations in local flow-passage dimensions may also arise from manufacturing toler-
ances in the experimental model. In addition, measurement uncertainties are in-
evitably introduced during hot-wire velocity and pressure measurements. There-
fore, the deviations between the numerical and experimental results are consid-

ered to be within a reasonable range.

5. Conclusions

To meet the airflow distribution requirements of the swirl-straight flow synergis-
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tic system, a louver-type pulverized coal distributor is designed in this study.
Based on the 2: 1 geometric similarity relationship between the actual equipment
and the scaled-down experimental model, cold-state single-phase air modeling
experiments and CFD simulations are conducted to investigate the effects of the
swirl-side inlet height on airflow distribution, outlet velocity matching, and pres-
sure loss characteristics. The main conclusions are as follows:

1) The designed louver-type pulverized coal distributor enables the redistribu-
tion and directional allocation of the primary airflow. After passing through the
louver blades, the primary airflow is deflected under the combined effects of blade
guidance and local pressure differences. Part of the airflow enters the swirl-side
passage, while the remainder flows into the lean-side passage. The research results
demonstrate that the louver structure can regulate the primary airflow distribu-
tion ratio, providing a flow organization basis for the optimization of the subse-
quent combustion system.

2) The swirl-side inlet height is a key structural parameter affecting the airflow
distribution performance of the louver-type pulverized coal distributor. Varia-
tions in the inlet height lead to pronounced changes in the swirl-side outlet veloc-
ity, air extraction ratio, and system pressure loss, with the overall response exhib-
iting an initial increase followed by a decrease. A smaller inlet height enhances
local airflow deflection; however, an excessively small flow area intensifies the lo-
cal contraction effect, increases flow resistance, and limits the effective airflow en-
tering the swirl-side passage. Therefore, reducing the swirl-side inlet height does
not necessarily improve distributor performance. Among the six configurations
investigated in this study, the 137 mm configuration provided the most favorable
balance between outlet velocity matching, swirl-side airflow supply, and overall
pressure loss.

3) Considering the swirl-side airflow extraction capability, outlet velocity match-
ing, and system pressure loss characteristics, a swirl-side inlet height of 137 mm is
determined as the preferred structural parameter. Under this condition, the swirl-
side airflow accounts for 15.17% of the total airflow, the velocity ratio between the
swirl-side and lean-side outlets reaches 1.03, and the overall pressure loss coefti-
cient is 0.853. A favorable airflow redistribution effect is achieved.

4) The numerical simulation results reveal pronounced velocity gradients and
local flow separation within the louver-type pulverized coal distributor. In the
blade region, the airflow is blocked and redirected by the louver blades, producing
a deflected flow pattern and low-velocity regions on the leeward sides of the
blades. In the curved passage, centrifugal effects lead to further redistribution of
the airflow velocity. After passing through the outlet development section, the ve-
locity distributions on both sides gradually become more uniform, indicating that
an appropriately designed flow-passage structure can effectively improve outlet
airflow uniformity.

5) The numerical method based on the realizable k- £ turbulence model provides

satisfactory predictions of the internal flow characteristics of the louver-type pul-
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verized coal distributor. The simulated swirl-side airflow fraction of the total air-
flow is 15.28%, compared with the experimental value of 15.17%, with an absolute
deviation of 0.11 percentage points and a relative error of 0.73%. The simulated
overall pressure loss coefficient is 0.87, while the experimental value is 0.853, with
a relative error of 1.99%. For the selected integral parameters, the relative differ-
ences between the numerical and experimental results ranged from 0.73% to
7.10%. The numerical model therefore provides a reasonable representation of the
overall airflow redistribution and pressure-loss behavior under the investigated
cold-state condition. However, its predictive accuracy for pulverized-coal transport

and combustion behavior was not evaluated in the present study.
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