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The utilization of high-alkali coals like Naomaohu coal in conventional
opposed firing boilers faces operational challenges due to severe slagging
and fouling caused by low ash fusion temperatures and elevated sodium
content. This study proposes a cost-effective retrofit design integrating a
slag-tap combustion chamber with modular airflow control, preserving the
original slag discharge mechanisms of a 350 MW supercritical opposed firing
boiler. Three-dimensional numerical modeling based on the Computational
Fluid Dynamics (CFD) simulations is conducted to evaluate the flow field,
thermal, and gas-phase composi-tional distributions across the Naomaohu coal
combustion ratios (20%, 25%, and 30%). The retrofitted configuration enhances
slag capture efficiency and reduces fouling risks while maintaining combustion
stability. Results demonstrate that elevated combustion ratios intensified the
momentum of exhaust jets originating from the slag-tap combustion chamber,
generating pronounced flow perturbations within the furnace volume. At the
30% combustion ratio, the jet extends its penetration distance, redistributing
pulverized coal particles toward the furnace center and creating distinct
thermal zones, including a high-temperature core (~2140 K) and peripheral low-
temperature regions (~1600 K). Oxygen depletion in the upper-middle furnace
correlates with intensified combustion reactions, while CO, accumulation
reflects enhanced gas-phase reaction completeness. This study provides critical
insights into optimizing combustion systems for high-alkali coals, balancing
operational reliability with sustainable energy generation.

KEYWORDS

opposed firing boiler, slag-tap combustion chamber, nhumerical simulation, highalkali
coal, retrofit design, coal combustion ratios

1 Introduction

The global energy landscape is increasingly shaped by the need to balance energy
security with environmental sustainability. In regions such as Xinjiang, China, the
abundant reserves of high-alkali coals, exemplified by Naomaohu coal, offer a significant
energy resource. However, these coals exhibit elevated sodium concentrations coupled
with compromised ash thermal stability, creating persistent operational constraints
in conventional combustion systems. The inherent physicochemical characteristics
induce accelerated ash deposition mechanisms within boiler convective sections,
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manifesting as compromised heat exchange efficiency, escalated
maintenance cycles, and operational reliability risks (Zhang et al.,
2016; Li et al, 2018; Hang et al., 2020; Huang et al., 2021).
These challenges have prompted extensive research efforts aimed
at investigating the combustion processes and slagging behavior
specific to Zhundong coal (Wang et al., 2018; Lei et al, 2019;
Jing et al., 2022). Key areas of focus include the interaction of alkali
metals and the link between ash fusibility and coal composition, as
well as the impact of additives on alkali metal migration and slagging
tendencies (Li et al., 2017; Hariana et al., 2023; Zhang et al., 2023). It
is widely established that the primary cause of slagging and fouling
in Zhundong coal is its elevated sodium levels.

The alkali metals in high-alkali coals exhibit pronounced
volatility, with distinct migration behaviors depending on their
chemical forms and phase transformations during combustion.
The migration of sodium can be categorized into three sequential
stages, volatilization release, char combustion, and ash formation,
corresponding to the early, intermediate, and final phases of the
combustion process, respectively. During combustion, soluble alkali
species within coal particles migrate outward via physical or
chemical pathways. A fraction of soluble alkali metals volatilizes
into the gas phase, while the majority of insoluble alkali compounds
remain trapped in residual ash or slag. Notably, temperature
critically governs sodium release dynamics (Li et al., 2016). Elevated
temperatures enhance the volatilization of sodium-bearing species,
which subsequently condense on cooler surfaces or nucleate on ash
particles. This gaseous sodium release significantly contributes to
ash deposition, a primary factor exacerbating fouling and slagging
issues in coal-fired power plants.

Traditional approaches to mitigate these challenges have
relied on blending high-alkali coals with low-sodium alternatives
(Yang et al., 2019; Yang et al., 2020; Zhang et al., 2020; Huang et al.,
2022; Li et al, 2022; Tang et al, 2022; Wang et al., 2022;
Meng et al., 2023). This strategy has proven effective in reducing
slagging and fouling tendencies, as demonstrated by Yang et al.
(2020) and Huang et al. (2022). However, the limited availability of
low-sodium coals in Xinjiang and neighboring regions has rendered
blending increasingly impractical. Furthermore, the rapid industrial
development and growing energy demand in these areas underscore
the urgent need for alternative solutions that do not depend on
coal blending.

Opposed firing boilers, widely used in coal-fired power plants
because of their operational flexibility and relatively straightforward
design, face significant challenges when burning high-alkali coals
(Zhu]J. et al,, 2022; Deng et al., 2024; Qi et al, 2024). These
coals exhibit reduced ash fusion temperatures and elevated sodium
concentrations. Such properties intensify the deposition of slag on
furnace surfaces and ash accumulation on heat exchangers, leading
to operational inefficiencies and increased maintenance costs. These
issues are particularly pronounced in supercritical boilers, where
high combustion intensities and temperatures further aggravate
slagging and fouling phenomena.

In recent years, slag-tap boilers have emerged as a promising
solution for burning slag-prone coals. These boilers are designed
to operate at high combustion intensities and effectively capture
slag, thereby mitigating slagging and fouling issues (Song and
Li, 2022; Wu et al.,, 2024; Xu, 2024; Zhou et al., 2024). Among
these technologies, cyclone combustion has gained attention for
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its superior slag capture efficiency, significantly reducing the
concentration of fly ash in the flue gas exiting the furnace
(Wang et al., 2021a; Ni et al., 2022). Additionally, high-temperature
liquid slag has demonstrated a strong capability to capture
alkali metals, which helps alleviate adhesive ash deposition on
heating surfaces. The slag-tap combustion chamber’s efficacy
in mitigating sodium-related deposition stems from its ability
to retain alkali metals within the molten slag phase. At high
combustion temperatures (>2000 K), sodium compounds (e.g.,
NaCl, Na,SO,) exhibit increased solubility in silicate-based slag
matrices (Shen et al, 2017). The continuous liquid slag layer
acts as a dynamic sink, capturing sodium species released during
devolatilization and char combustion. Furthermore, the cyclonic
flow within the slag-tap chamber prolongs particle residence
time, enhancing ash-slag interactions and reducing gas-phase
sodium mobility. This mechanism significantly curtails sodium
condensation on heating surfaces, addressing a critical limitation of
conventional opposed firing systems (Gong et al., 2021). However,
despite these advantages, slag-tap boilers face challenges associated
with their high operating temperatures, including increased NO,
emissions, greater physical heat loss through slag, and limited
flexibility in adjusting boiler loads.

To overcome these challenges, this study introduces an
innovative retrofitting strategy for traditional opposed firing
boilers by integrating a slag-tap combustion chamber at the
furnace rear without modifying the existing combustion and
slag discharge systems. Unlike conventional designs that require
complete burner replacement, the retrofit introduces a modular
combustion chamber that enhances slag capture efficiency without
altering the original slag discharge system. This approach uniquely
balances combustion stability and retrofit feasibility, addressing
a critical gap in high-alkali coal utilization. An industrial-scale
350 MW unit serves as primary case study, with three-dimensional
Computational Fluid Dynamics (CFD) modeling analyzing the
retrofit’s influence on combustion performance and flow behavior
within the furnace. The study evaluates how variations in Naomaohu
coal blend proportions alter flow dynamics, thermal characteristics,
and compositional characteristics across the furnace volume. By
incorporating the benefits of slag-tap technology, the retrofitted
system aims to enhance slagging resistance, reduce fouling, and
improve operational reliability while maintaining the flexibility
and scalability of opposed firing configurations. The system’s
adaptability to various coal blends and alternative low-carbon
fuels further reduces the carbon footprint of energy generation.
Moreover, maintaining combustion stability and operational
efficiency significantly reduce secondary emissions, including
unburned carbon, thereby promoting cleaner and more sustainable
energy production. These innovations not only advance the
decarbonization of coal-fired power generation but also align with
global climate objectives, accelerating the transition to a sustainable
energy landscape.

2 Boiler configuration and retrofit
strategy

This study examines a 350 MW supercritical once-through
boiler with a II-type arrangement, featuring water-cooled walls
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TABLE 1 Design parameters of the boiler (BMCR condition).

Parameter Superheated Superheated Superheated Feed water Reheated Excess air
steam flow steam steam temperature steam flow ratio

rate (t h™%) temperature pressure (K) rate (t h™%)
(K) (MPa)

Value 1158.0 847.0 25.8 567.0 962.0 1.17

TABLE 2 Fuel property analysis of the design coal.

Proximate analysis (%) Ultimate analysis (%) Qpetar (MIkg™)

Mar ‘ Aar ‘ vdaf

17.25 14.72 32.04 35.99 54.31 2.78 9.84 0.56 0.54 19.94

Note: M, is the moisture content on an as-received basis (%). A,, is the ash content on an as-received basis (%). V 4,¢ is the volatile matter on a dry and ash-free basis (%). FC,,, is the fixed
carbon on an as-received basis (%). C,, is the carbon content on an as-received basis (%). H,, is the hydrogen content on an as-received basis (%). O,, is the oxygen content on an as-received

basis (%). N, is the nitrogen content on an as-received basis (%). S,, is the sulfur content on an as-received basis (%). Q, is the calorific value on an as-received basis (M]~kg’l).

net,ar

that combine spiral and vertical configurations. The combustion The detailed structural profile of the cyclone burner is illustrated
chamber of the boiler incorporates four cyclone burners arranged  in Figure 2. Each burner consists of a center air channel, a primary
in an opposed-wall firing configuration, with two burners  air channel, an inner secondary air channel, and an outer secondary
symmetrically installed on both the front and rear furnace walls.  air channel. Pulverized coal is introduced into the furnace chamber
This bi-directional burner layout facilitates flame interaction  through the primary air channel, while both the primary and
optimization and enhances combustion homogeneity within the  secondary air channels are equipped with axial cyclone blades to
reaction zone. To address the limitations of the conventional  generate cyclonic flow at the burner outlet. The cyclonic directions
boiler while preserving its fundamental combustion and slag  of the primary and secondary airflows are designed to oppose
discharge characteristics, a retrofitting methodology is developed.  each other, and the cyclonic directions of adjacent burners are also
This involves replacing the burner associated with a coal mill ~ configured to be opposite. This arrangement enhances mass transfer
with a slag-tap combustion chamber. The retrofit design includes ~ within the furnace, thereby improving combustion efficiency and
four single-row burners, which are one-quarter of the number  heat transfer performance. Figure 3 illustrates the geometric model
of burners in a double-U slag-tap boiler, maintaining a similar  of the retrofitted opposed firing boiler. In the model construction, a
arrangement (Wang et al., 2024; Jing et al, 2022; Yang et al,  Cartesian coordinate system is adopted, with the origin located on
2024). The design parameters for the boiler under the Boiler the front wall. Thepositive direction of the x-axis is defined from the
Maximum Continuous Rating (BMCR) condition are provided  rear wall toward the front wall.
in Table 1, reflecting typical operational conditions to ensure that
the simulations conducted in this study accurately represent real-
world scenarios. The coal property analysis of the boiler design 3 Computational modeling
coal is summarized in Table 2. Moisture, ash, and volatile matter
contents quantified via thermogravimetric drying, ashing, and 3.1 Mesh development
pyrolysis, respectively. The fixed carbon was derived by mass balance
subtraction. Ultimate analysis employed elemental quantification To balance computational accuracy and efficiency, a non-
following ASTM D388-19 (International, 2019) or GB/T 5751-  uniform computational mesh is generated for the boiler
2009 (Administration, 2009), with oxygen content resolved  through a hybrid meshing strategy. In regions with complex
stoichiometrically. geometries and intense physicochemical interactions (e.g.,
In the retrofitted design, the primary and secondary air streams ~ burners and combustion chamber), a dense hexahedral mesh
carrying pulverized coal are vertically delivered into the reaction  (cell size <0.2m) is applied to resolve steep gradients in
zone for ignition and oxidation processes. The resultant high-  velocity, temperature, and species concentrations. Conversely,
temperature combustion products flow via the slag-catching pipes  the upper cooling chamber, characterized by uniform flow
into the furnace chamber, where they continue to release heat.  patterns, is discretized with coarser hexahedral elements (cell size
The combustion chamber has a height of 13.934 m (measured  <0.6 m). Figure 4 illustrates the front and side views of the boiler
to the bottom of the ash hopper), a width of 3.198 m, and a  grid model.
depth of 5.180 m. The furnace chamber is significantly larger, Three mesh configurations with total cell counts of 2 437 861, 3
with a height of 39.160 m, a width of 14.048 m, and a depth  323764,and4 176259 are tested under BMCR conditions to validate
of 13.970 m. The detailed geometrical structure of the boiler is  grid independence. The average horizontal gas temperature within
illustrated in Figure 1. the furnace under BMCR conditions for these grid configurations
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FIGURE 1

Geometry structure of the boiler. (A) Front view. (B) Side view

(C) Top view.
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Geometric model of the retrofitted boiler.

are shown in Figure 5. When the grid resolution increases from 3 323

764 to 4 176 259 cells, the temperature distribution remained largely

unchanged, indicating that further refinement has a negligible
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FIGURE 4
Mesh generation. (A) Front view. (B) Side view.

impact on the simulation results. The grid configuration with 3 323
764 cells is therefore adopted for subsequent simulations, achieving
optimal balance between predictive fidelity and resource allocation.

3.2 Simulation methodology

This study employs ANSYS Fluent 2020 R2 software for
computational analysis. The solver executes discretized conservation
equations governing critical thermodynamic parameters (thermal
energy, momentum flux, and multi-component transport) across
the spatial discretization framework (Rachele et al., 2023). Thermal
coupling mechanisms, including convective heat transfer and wall
boundary interactions, are resolved through the activated energy
conservation formulation. The turbulent momentum transport is
addressed via the Realizable k-¢ closure with enhanced curvature
correction, which ensures accurate predictions for complex flow
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FIGURE 5
Temperature distribution in furnace height direction with different
number of grids.

conditions (Nakamura et al,, 2023). The CFD simulations solve
the following conservation equations for mass, momentum, energy,
and species transport under steady-state conditions as shown in
Equations 1-5:

(1) Mass conservation equation.

dp 9
o ox

i

(pu;)=0 (1)

where p denotes the fluid density (kg m™), and u; represents
the velocity component in the x; direction (m s™).
(2) Momentum conservation equation.

o7
%(P"f)‘*%(l’"i“j):—:—i+a_xj+Pgi+Fi (2)
where p denotes the static pressure (Pa), 7;; represents the stress
tensor (N m™), and g; and F; correspond to the gravitational
body force and external body force in the i direction (N kg™),
respectively.

The stress tensor is given by the following equation:

ou; Oy 2 au,8 3)
i = —+=— || -Zu=—19;
T | # ox; 0x; 3”ax, Y
(3) Energy conservation equation.
o(pT)

—— +div(puT) = div( kgradT) +Sr (4)
ot [

where ¢, denotes the specific heat capacity (J kg! K, T
denotes the temperature (K), k is the thermal conductivity
of the fluid (W m™' K™), and St represents the internal
heat source within the fluid and the portion of mechanical
energy converted into thermal energy due to viscous
the viscous

effects, often referred to as

term (W m™).

dissipation
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TABLE 3 Fuel property analysis of the Naomaohu coal.

Proximate analysis (%)

Ultimate analysis (%)

10.3389/fenrg.2025.1579855

C)net,ar (MJ~kg'1)

Mar ‘ Aar ‘ Vdaf FCar ‘ Car ‘ Har

‘ 22.60 ‘ 11.02 ‘ 30.15 ‘ 36.23 ‘ 50.46 ‘ 3.32 ‘ 11.46 ‘ 0.67 ‘ 0.47 ‘

18.80

TABLE 4 Naomaohu coal combustion ratios under different working
conditions.

’ 1 p 3

Working conditions

Naomaohu coal combustion ratios (%) 20 25 30

(4) Component conservation equation.

(pc,)
ot

+div(puc,) = div(Dggrad(pc,)) + Sg (5)

where ¢, is the volume concentration (kg m™), Dy signifies the
diffusion coefficient (m? s'), and Sq represents the generation rate
(kg m3s?).

To enhance computational efficiency and stability, the SIMPLE
algorithm is applied for solving the flow field, as it offers faster
convergence for relatively simple flow configurations (Zhu B. et al.,
2023). Due to the low pressure variation and flow velocity of the
flue gas, the pressure-based solver is chosen. The gradient term
is discretized using the Green-Gauss Cell-Based method, and the
control equations are discretized with the first-order upwind scheme
to ensure numerical stability.

For the mass transfer process, the species transport model
is utilized, where the physical properties and mass fractions of
components are defined within the Mixture model. The finite-
rate/eddy dissipation model couples finite-rate Arrhenius kinetics
with turbulence-modulated dissipation rates, achieving optimal
equilibrium between detailed chemistry and computational
tractability (Dugum and Hanjalic, 2019). In comparison, the
eddy dissipation concept model resolves microscale combustion
events in turbulent dissipation eddies, requiring intensive
chemical mechanism integration. The eddy dissipation model
presumes turbulent time scales dominate over molecular Kkinetics,
sacrificing chemical fidelity for accelerated computation. Through
systematic benchmarking of solution accuracy versus computational
overhead, the hybrid Kkinetic-turbulence methodology is
implemented for reactive flow simulations. Considering the
balance between computational efficiency and accuracy, the finite-
rate/eddy dissipation model is selected for gas-phase reaction
simulations.

The numerical calculation process proceeds in two stages. First,
the cold flow field within the furnace, excluding pulverized coal
particles, is simulated and iteratively solved until convergence
is achieved. Once the flow field stabilizes, the Discrete Phase
Model is employed to account for the coupling between the
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discrete phase (pulverized coal particles) and the continuous
flow field (Su et al, 2024). The continuous phase is iterated for
30 steps before performing discrete-phase calculations for stable
multiphase resolution.

3.3 Thermal calculation methods

In this study, the Standard Method for Thermal Calculation
of Boiler Units (Shi et al., 2023) was applied to carry out thermal
calculation. The standard treats the combustion chamber, slag trap
bundle and cooling chamber as the fundamental units for thermal
calculation. From the perspective of thermal balance, the radiative
heat transfer and convective heat transfer were calculated separately
for these three units, and the flue gas temperature at the outlet
of each unit is further calculated. The heat transfer calculation for
the combustion chamber is developed based on the heat transfer
equation and the heat balance equation, where the heat transfer
equation is:

o, ,H
Q=57x10M x 22 L (4 _p4) ©)
P
a;H (T, - T
Qd=¥xlo_3 7)
14

where Q represents the combustion chamber radiation heat transfer
(k] kg), &, 5 denotes the furnace room converted blackness
(dimensionless), T, is the radiation heating surface wall temperature
(K), H ¢ defines the radiation heating area (m?), B, refers to the
calculation of fuel consumption (kg s), T, indicates the effective
temperature of the medium in the furnace (K), Q; defines the
convective heat transfer within the combustion chamber (kJ kg™),
and a; characterizes the convective heat transfer coeflicient in the
furnace (W m?2 K™1).
The heat balance equation is:

Q+Q=9(Qr-1Iz) ®)

where Q; denotes the effective heat release within the furnace (kJ
kg!), ¢ represents the heat retention coefficient (dimensionless),
and I corresponds to the enthalpy of combustion products per
kilogram of fuel (k] kg!), evaluated at the outlet temperature of the
combustion chamber or cooling chamber under a specified excess
air coefficient a”.

The outlet of the
chamber can be obtained by solving the heat transfer equation

flue gas temperature combustion

and the heat balance equation together. The radiant heat
transfer and convective heat transfer between the flue gas

frontiersin.org
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TABLE 5 Comparison of the thermal calculation and numerical results.

10.3389/fenrg.2025.1579855

Parameter Thermal calculation results CFD results
Combustion chamber outlet flue gas temperature (K) 1917.6 1923.8
Slag trap bundle outlet flue gas temperature (K) 1638.7 1646.5
Cooling chamber outlet flue gas temperature (K) 1579.1 1594.6

46.00 -
41.40
36.80
32.20
27.60
23.00
18.40
13.80
9.20

4.60

0.00
[m s"-1]

18.00 [
16.20 |
14.40 |;
12.60 |-
10.80 |!
9.00
7.20
5.40
3.60
1.80

0.00
[m s"-1]

FIGURE 6
Velocity vector distribution in the combustion chamber. (A) x = =54 m
(B)z=-58m.

and the slag trap bundle are calculated according to the
following equation:

(ad + ‘xf)H(ecp - sz~bz)

BP~q1

Q. = x1073 9)
where af represents the radiative heat transfer coefficient (W
m2 K™!), H denotes the heat transfer area of the slag trap bundle
(m?), T,,,,, corresponds to the surface temperature of the liquid slag
film (K), which is set 100 K lower than the slag film temperature

Frontiers in Energy Research
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2.00
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FIGURE 7
Velocity vector distribution in the furnace. (A) x = =54 m (B) y = 0 m.

in the combustion chamber, and 6, defines the average flue gas
temperature (K).

In the cooling chamber, radiative heat transfer dominates
due to the low flue gas velocity, and convective contributions
are negligible. The thermal calculation employs the heat transfer
equation (Equation 6) and energy balance equation (Equation 8).
The outlet flue gas temperature is determined by simultaneously
these  coupled
between heat exchange

solving equations,

mechanisms and

ensuring  consistency
thermodynamic

equilibrium.
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FIGURE 8
The streamlines in the cyclone burner.

l 2100.00 ! FIGURE 10 _ o
1924.00 Oxygen mass fraction distribution in the furnace. (A) x = =5.4 m (B)
 1748.00 | yoom
r 1572.00 ‘ :
- 1396.00 ’ i
| 1220.00 f 3.4 Boundary conditions
| 1044.00 l l
- 868.00 ) [ . ‘ Boundary conditions are constraints that must be satisfied on
692.00 ) | ‘ ‘ the boundaries of the computational domain during the solution
l 516.00 7 N process. Properly setting boundary conditions plays a crucial role
340.00 N ) in ensuring the accuracy of numerical simulation results. In boiler
(K] A combustion simulations, key boundary conditions include the fluid
B state at inlet and outlet boundaries, the heat transfer characteristics
2100.00 " between the wall and fluid, and the motion of pulverized coal
H 1924.00 particles upon colliding with boundaries.
- 1748.00 In this study, mass flow inlet, fully developed flow outlet, and
[ 1572.00 wall boundary conditions are employed. The air inlet boundary is
- 1396.00 _ configured as a mass flow inlet, with the mass flow rate for each inlet
 1220.00 . 'ﬁ determined according to the operational air volume distribution.
| [ 1044.00 | | The outlet boundary is assigned a fully developed flow condition,
- 868.00 | with the pressure at the outlet fixed at atmospheric levels. In this
692.00 . ‘ configuration, the normal velocity components of all flow variables,
I515~°° \ % excluding pressure, are set to zero, simulating a fully developed
K 340.00 \\ ‘ / flow regime.
A4 All computational domain walls are modeled as isothermal
FGURE S surfaces, incorporating a no-slip velocity boundary condition.
Temperature distribution in the furnace. (A) x = =54 m (B) y = 0 m. The no-slip condition assumes that the tangential velocity at the

wall equals the solid wall velocity, while the normal velocity
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FIGURE 11
Carbon dioxide mass fraction distribution in the furnace. (A) x =
-54m(B)y=0m.

remains zero. The wall temperatures are defined in zones based
on thermal calculation results, including regions such as the
combustion chamber, slag trap bundle, and cooling chamber. The
wall temperature in each zone is determined by averaging the
inlet and outlet temperatures of the working fluid across the
heating surface.

For particle boundary conditions, the outlet boundary is defined
as an escape condition, where particles reaching the exit are marked
as escaped and their trajectory calculations are terminated. Other
wall boundaries are set to reflect conditions, meaning that when
particles collide with the wall, they are reflected back into the fluid
domain to continue subsequent calculations.

3.5 Working conditions

In the design conditions of this study, Naomaohu coal is burned
exclusively in the combustion chamber, while the four burners
operate with the original design fuel, leading to a hybrid combustion
regime. The proximate and ultimate analysis data of Naomaohu
coal are detailed in Table 3, with its mass fraction in the chamber
fuel blend controlled at 25%. To comprehensively analyze the heat
transfer characteristics of the opposed firing boiler with a slag-tap
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combustion chamber under the design conditions, and to investigate
the influence of varying Naomaohu coal combustion ratios on
the heat transfer within the furnace, three BMCR conditions
are established. The corresponding operational specifications are
tabulated in Table 4.

4 Results and analysis
4.1 Computational model verification

To validate the computational model, the CFD simulation results
were rigorously benchmarked against thermodynamic equilibrium
calculations under identical operational conditions. The thermal
equilibrium model, based on energy and mass conservation
principles (Zhu M. et al., 2023), computes flue gas temperatures at
key furnace sections (combustion chamber, slag trap bundle, and
cooling chamber) by solving coupled radiative and convective heat
transfer equations (Equations 6-9).

The working condition 2 is employed for validation exercises,
with quantitative comparisons between the CFD results and
thermodynamic calculations detailed in Table 5. The deviations in flue
gas temperature between the thermal calculations and the numerical
simulations are all within an acceptable range. The largest deviation is
less than 40 K. Specifically, the deviation at the combustion chamber
outlet is 6.2 K, at the slag trap bundle outlet is 7.8 K, and at the cooling
chamberoutletis 15.5 K. Relative to previous studies (Zhou etal.,2020),
the discrepancies identified in the current work fall within acceptable
limits. This confirms the precision and dependability of the proposed
computational framework.

4.2 Furnace flow field characteristics
analysis

Figure 6A displays the distribution of velocity vectors at the
x = —5.4m plane, intersecting the cyclone burner region of the
combustion chamber. The primary and secondary airflows, guided
by axial cyclone blades, generate rotational velocities of 18.4 m s
(outer secondary air) and 9.2ms?' (primary air), forming a
coherent cyclonic flow pattern. This creates a localized low-pressure
recirculation zone near the burner exit (Wang et al., 2020). The
spatial uniformity of the flow field is evidenced by the symmetric
velocity distribution across the chamber cross-section.

Figure 6B illustrates the distribution of velocity vectors at
the z = —11.8 m plane, revealing symmetric flow injection from
the front and rear walls. The significant horizontal velocity
components develop near the burner outlets, which progressively
transform into vertically dominant flow vectors with increasing
downstream distance (Li et al., 2010). This systematic conversion
of momentum components reflects optimized aerodynamic design,
ensuring stable flame anchoring and minimizing flow separation.

An optimized flow field configuration significantly extends
the residence duration of pulverized coal particles within the
furnace, thereby enhancing combustion efficiency and improving
heat and mass transfer characteristics. Figure 7A demonstrates the
interaction of dual burner jets in the lower furnace. The high-
velocity flue gas stream enters the furnace chamber along an inclined
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TABLE 6 Comparison of NO, emissions under BMCR condition (Wang et al., 2021a).

Parameter Modular slag-tap boiler Cyclone boiler (
NO, emissions (mg Nm™) 436.7 671.4
Peak furnace temperature (K) 2140.0 2283.0

upward trajectory, generating substantial flow disturbances in the
cold ash hopper section (Zhu B. et al, 2023). The interaction
between dual burner jets in the lower furnace region creates a
combined upward flow pattern. The cyclonic motion induced by
the primary and secondary air channel blades establishes a well-
defined recirculation zone near the burner outlet, which significantly
extends particle residence time and promotes complete combustion
reactions.

Figure 7B presents the velocity profile at y = 0 m plane. The
ash hopper region exhibits intense flow disturbances caused by the
impingement of combustion chamber jets. The convergence of dual
burner jets in the central lower furnace generates a strong vertical
flow component. The cumulative effect of multi-level burner flue
gases produces a progressive velocity increase through the middle
and upper furnace sections. This well-organized flow development
ensures stable combustion conditions and promotes efficient gas-
phase mixing throughout the furnace volume.

Figure 8 illustrates the distribution of flue gas streamlines
generated by the cyclone burner within the combustion chamber. A
strong cyclone forms in the upper part of the chamber, effectively
carrying and mixing pulverized coal streams, promoting intense
physicochemical reactions. In the lower part, the cyclone intensity
gradually diminishes (Wang et al., 2021a; Yang et al., 2024). Within
the slagging tube bundle area, the closely spaced tube rows generate
flow disturbances that enhance the trapping of ash particles.

4.3 Furnace thermal characteristics
analysis

Figure 9 delineates the thermospatial gradient characteristics
across the combustion chamber domain. The central and upper
zones exhibit intense pulverized coal combustion, leading to a
significant thermal gradient (Zhu T. et al.,, 2022). The maximum
temperature of approximately 2140 K is observed at the chamber’s
core region, corresponding to the complete combustion zone of
pulverized coal. The cyclonic flow pattern establishes a distinct
thermal profile characterized by elevated peripheral temperatures
relative to the central region.

Thermal energy dissipation occurs progressively along the
vertical axis as the flue gas undergoes convective heat transfer
with the furnace walls (Qin et al., 2024). The cooling chamber’s
lower section demonstrates a sharp temperature reduction to
approximately 1600 K, attributed to the enhanced heat exchange
efficiency of the densely configured slag screen assemblies. The
temperature at the flue gas outlet is around 1640 K.

The upper combustion chamber reveals four distinct thermal
zones radiating from the burner nozzles™ central axis. These thermal
regions exhibit progressive expansion and eventual coalescence
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under the influence of cyclonic flow dynamics, ultimately forming
a unified high-temperature zone that occupies the complete
furnace volume (Wang et al, 2017). This thermal distribution
pattern indicates optimized combustion efficiency and thermal field
stability within the chamber.

4.4 Furnace compositional characteristics
analysis

Figure 10 displays the spatial distribution of oxygen mass
fraction within the furnace. Intensive oxygen consumption is
observed in proximity to the burner nozzles, with the mass
fraction decreasing sharply due to vigorous combustion activity.
The central region, characterized by reduced gas velocities, exhibits
accelerated oxygen depletion. A symmetric oxygen distribution
pattern emerges, with elevated mass fractions persisting in both the
central core and near-wall regions (Wang et al., 2021a; Xu et al,
2023). This phenomenon is attributed to the combined effects
of enhanced flue gas velocities and moderated temperatures
in these zones, which collectively decelerate the oxygen
consumption rate.

The furnace chamber demonstrates near-complete oxygen
depletion as the flow approaches the lowest burner cross-section.
Rapid oxygen consumption in the burner vicinity leads to residual
oxygen accumulation in the chamber’s midsection (Wang et al.,
2021b). Analysis of the coupled velocity and thermal fields indicates
that this central region is characterized by reduced pulverized coal
concentration, diminished temperatures, and consequently, slower
reaction kinetics.

Figure 11 depicts the progressive evolution of carbon dioxide
mass fraction during the combustion process. A marked
increase in CO, concentration is detected in the vicinity of
burner outlets in both the combustion and furnace chambers
(Zhou et al., 2020; Zhu M. et al., 2023). The continuous elevation
of CO, mass fraction along the flow path provides quantitative
evidence of combustion completeness and the cumulative nature of
gaseous product formation.

Table 6 summarizes the NO, metrics of the retrofitted modular
slag-tap boiler against the conventional cyclone boilers. The
NO, emission data for the conventional cyclone boiler was
obtained from the simulation results ofWang et al. (2021a).
As shown in Table 6, NO, emissions (436.7 mg-Nm™) are 35.0%
lower than cyclone systems (671.4 mg-Nm™), aligning with the
reduced peak temperatures in the combustion chamber. The
modular slag-tap boiler peak temperatures (2,140.0 K) are 6.3%
lower than cyclone systems (2,283.0 K). NO, emissions decreased
due to optimized air staging and reduced peak combustion
temperatures.
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FIGURE 12
Velocity distribution in the furnace with different Naomaohu coal
combustion ratios. (A) 20%. (B) 25%. (C) 30%.
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FIGURE 13
Thermal distribution in the furnace with the different Naomaohu coal

combustion ratios. (A) 20%. (B) 25%. (C) 30%.
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FIGURE 14 FIGURE 15
Oxygen mass fraction distribution in the furnace with different Carbon dioxide mass fraction distribution in the furnace with different
Naomaohu coal combustion ratios. (A) 20%. (B) 25%. (C) 30%. Naomaohu coal combustion ratios. (A) 20%. (B) 25%. (C) 30%.
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4.5 Impact of naomaohu coal blending
proportions on thermal and mass transfer
dynamics within the furnace

Figure 12 demonstrates the velocity distribution within the furnace
chamber under varying Naomaohu coal combustion ratios (20%,
25%, and 30%). Progressive enhancement of the coal combustion
ratio correlates with increased air distribution, particularly in the
upper and middle chamber regions, accompanied by intensified
cyclonic flow patterns (Yang et al, 2019; Yang et al, 2020;
Zhang et al.,, 2020; Meng et al., 2023). The combustion chamber’s
elevated air distribution (approximately 50%) substantially amplifies
the exit jet’s influence on the furnace flow dynamics.

At higher combustion ratios, the chamber exit jet maintains its
momentum over extended penetration distances. The momentum
amplification of exhaust jets correlates with enhanced particle
residence time, as evidenced by Lagrangian tracking of pulverized
coal trajectories. This phenomenon aligns with prior studies
on cyclone-driven flow optimization (Wang et al, 2021a), yet
distinguishes itself through the modular retrofit design’s unique
capability to decouple slag capture from burner configuration.
Notably, at 30% combustion ratio, the jet induces significant flow
perturbations in the bottom burner region, demonstrating the exit
jet's dominant role in shaping the global flow characteristics.
the
corresponding to different Naomaohu coal combustion ratios.

Figure 13 reveals thermal  distribution  patterns
Increasing coal combustion percentages result in reduced furnace
chamber temperatures, attributable to decreased coal feed rates,
while combustion chamber temperatures exhibit an upward trend.
At a 30% combustion ratio, the exit jets strong perturbation
redistributes coal particles from the bottom burner region to the
chamber center, forming distinct thermal zones with a cooler region
near the lower burner and a hotter core in the middle of the chamber
(Liu et al., 2019; Tang et al., 2022).

Figure 14 presents the oxygen mass fraction distributions under
the different combustion conditions. While the overall oxygen
distribution pattern remains consistent across combustion ratios, the
upper-middle chamber region exhibits reduced oxygen concentrations
due to enhanced flow perturbations from the exit jet (Lv et al., 2017;
Wangetal., 2021a; Xu et al,, 2023). This oxygen depletion corresponds
with observed velocity and temperature field characteristics, indicating
intensified combustion activity in this region.

Figure 15 illustrates the progressive evolution of carbon dioxide
mass fractions with increasing combustion ratios. Contrasting
with oxygen distribution patterns, both the combustion chamber
and upper-central furnace demonstrate
CO, concentration increases at higher combustion ratios
(Zhou et al,, 2020; Zhu M. et al., 2023). This inverse relationship

between oxygen depletion and CO, accumulation provides

regions significant

quantitative evidence of combustion completeness and its
dependence on flow field characteristics influenced by the exit jet.

5 Conclusion

This study investigates the retrofitting of a 350 MW opposed
firing boiler with a slag-tap combustion chamber to address
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challenges posed by Naomaohu high-alkali coal. The principal
conclusions are outlined as follows:

1. The integrated slag-tap chamber improves slag capture
efficiency without modifying the original slag discharge
system. The modular design mitigates fouling risks and
maintains combustion stability, demonstrating feasibility for
retrofitting existing boilers.

2. Increasing the Naomaohu coal combustion ratio to 30%
intensifies the exit jet momentum from the slag-tap chamber,
redistributing coal particles toward the furnace center. While
this enhances air-fuel mixing, it requires careful control of
combustion intensity to maintain flow field stability and
prevent operational instabilities.

3. Elevated combustion ratios create distinct a high-temperature
core (~2140 K) and cooler peripheries (~1600 K), optimizing
heat transfer. Oxygen depletion in the upper-middle furnace
correlates with intensified reactions, whereas CO, accumulation
in combustion zones confirms reaction completeness.

. The retrofit framework enables efficient utilization of high-alkali
coals, reduces secondary emissions, and aligns with sustainable
energy objectives, offeringa viable pathway for sustainable energy
generation in regions reliant on high-alkali coals.
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