Mining of Mineral Deposits

Volume 18 (2024), Issue 4, 109-124

JOURNAL / MINING.IN.UA

https://doi.org/10.33271/mining18.04.109

Numerical simulation of carbonaceous raw material
combustion in a coal seam channel

Vasyl Lozynskyi 1™

! Dnipro University of Technology, Dnipro, Ukraine
*Corresponding author: e-mail lvg.nmu@gmail.com

Abstract

Purpose. The research aims to investigate the combustion behavior of carbonaceous raw materials, specifically pulverized
coal, in a cylindrical channel within a coal seam. The research focuses on understanding the temperature field dynamics, the
distribution of combustion products, and the stabilization of the combustion process over time.

Methods. The research uses advanced Computational Fluid Dynamics (CFD) modeling using non-premixed combustion
and the k-epsilon turbulence model. A cylindrical channel with a length of 30 m and a diameter of 1 m is selected, reflecting
optimal conditions for co-gasification based on previous studies. Heat transfer processes are incorporated by activating the
energy equation, accounting for heat generation from chemical reactions and its transfer via convection, conduction, and radia-
tion. These considerations accurately represent the thermal and flow dynamics in the confined geometry.

Findings. The simulation indicates the temperature field stabilization, with a peak of 1540°C achieved in the combustion
zone after 24 hours, gradually decreasing to approximately 520°C further downstream. Oxidation reactions are most active
within the first 6 m of the channel, producing CO: as the primary combustion product. The flow velocity analysis indicates
intense turbulence near the inlet, enabling efficient mixing of fuel and oxidizer. As the process progresses, turbulence intensity
decreases, maintaining a steady distribution of thermal energy and stable downstream flow behavior.

Originality. The research has resulted in the development of a comprehensive methodology for modeling pulverized coal
combustion process in geometrically constrained coal seam channels, representing the staged progression of the process (early,
mid, and final stages). Patterns of temperature field stabilization and the distribution of chemical species along the channel
have been identified.

Practical implications. The findings provide a foundation for optimizing underground coal combustion and co-gasification

processes to improve geo-reactor systems’ efficiency.
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1. Introduction

Coal remains among the most abundant and widely used
fossil fuels, critical in world energy production [1]. Despite
the growing emphasis on renewable energy sources, coal
remains valuable for industrial and energy sectors due to its
high energy potential and widespread availability [2], [3].
However, conventional coal mining and utilization methods
often have significant environmental challenges, including
greenhouse gas emissions, surface degradation, and waste
generation [4]-[7]. To address these issues, advanced thermal
conversion methods, such as underground coal gasification
(UCG), underground coal combustion (UCC), and co-
gasification, have emerged as promising technologies for the
efficient and sustainable utilization of coal reserves [8]-[12].

Underground coal gasification offers a unique approach by
directly converting coal into syngas in situ, minimizing surface
disturbance, and exploiting otherwise inaccessible reserves [13]-
[16]. Similarly, underground coal combustion involves con-
trolled burning of coal seams to extract energy while reducing
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surface impacts [17]. Co-gasification, which combines coal
with other carbonaceous materials such as biomass, further
enhances the process by improving energy efficiency, reducing
emissions, and expanding fuel flexibility [18]-[21]. These
methods represent innovative approaches to maximize the
utility of coal resources while addressing critical environmen-
tal and economic challenges, positioning them as essential
technologies for the transition to cleaner energy solutions.
Thermochemical processes of coal conversion offer a po-
tential way for developing deep or thin coal seams that are
otherwise uneconomical using conventional mining tech-
niques [22]-[25]. However, understanding the complex com-
bustion dynamics in confined coal seam channels, including
temperature profiles, species distributions, and flow behav-
ior, remains challenging. Numerical simulation effectively
solves these complexities, offering insights into optimizing
operational parameters and improving overall efficien-
cy [26]-[28]. It has become essential in optimizing and de-
signing coal combustion systems, such as coal-fired power
plants and industrial furnaces. Computational Fluid Dyna-
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mics (CFD) models integrate sub-models for devolatilization,
combustion, and heat transfer, allowing precise predictions
of temperature distributions, gas concentrations, and flow
patterns in combustion chambers [29]. Both Reynolds-
Averaged Navier-Stokes (RANS) and Large-Eddy Simula-
tion (LES) approaches have been widely adopted, with LES
offering improved accuracy in determining turbulence effects
in complex environments [30].

Open-source CFD codes like Code Saturne are utilized to
diagnose inefficiencies in boiler operations, demonstrating
their utility in identifying and mitigating operational bottle-
necks [31]. However, CFD simulations often show discrep-
ancies between numerical and experimental data in down-
stream regions of the combustor, where turbulence, heat
transfer, and chemical interactions dominate [32]. These
models are also instrumental in addressing environmental
challenges, such as minimizing NOyx and SOx emissions
and solving operational issues like slagging and fouling in
industrial furnaces [29].

Recent progress in high-fidelity simulations, including Di-
rect Numerical Simulation (DNS) and LES, has significantly
enhanced the understanding of pulverized coal combustion
(PCC). DNS provides insights into particle-scale phenomena,
revealing that smaller particles lead to upstream reaction zones
with higher volatile matter concentrations, while higher mass
loading correlates with increased heat release rates and tem-
peratures [33]. LES simulations is also used to study large-
scale furnace dynamics, highlighting the effects of turbulence
on particle trajectories and heating rates [34].

The choice of devolatilization models is another critical
factor in CFD accuracy. Models such as single-rate, two-
competing rates, and chemical percolation devolatilization
(CPD) significantly influence the prediction of volatile re-
lease and subsequent combustion reactions [35]. These ad-
vancements are particularly relevant for energy-intensive
industries, such as cement production, where CFD is applied
to enhance energy efficiency and reduce CO- emissions [36].

CFD techniques are extensively applied to specialized
combustion systems, including rotary kilns and fluidized bed
boilers. In rotary kilns, particle-scale heat transfer analysis
revealed that convection accounts for up to 90% of heat
transfer from kiln walls to coal particles, underscoring the
importance of heat transfer dynamics [37]. Studies also show
that reducing pellet size improves heat transfer and enables
rapid reduction at lower temperatures [38].

The CFD simulations demonstrate core-annular flow
structures in fluidized bed boilers and identify NOy reduc-
tion strategies by optimizing primary air volume and coal
particle size [39]. Comparative studies of coal combustion
and gasification indicate higher production of H> and CHa
during gasification, while CO levels depend heavily on
oxygen availability [40]. These findings underscore
CFD versatility in simulating complex systems to optimize
operational efficiency.

Validation of experimental data remains critical for
ensuring the accuracy of CFD models. CFD heat transfer and
temperature gradient simulations in drop tube furnaces
strongly agree with experimental data, particularly near the
combustor inlet [41]. Similarly, Sakolaree et al. [42] valida-
ted CFD models of axisymmetric 2-D chambers, demonstra-
ting reliable predictions for temperature distributions. De-
spite these successes, discrepancies often arise in down-
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stream regions, where turbulence and chemical interactions
become increasingly complex [32].

Recent advancements include applying novel methods
like the Flamelet Generated Manifold (FGM), which models
group combustion of coal particles. This approach reveals
how higher particle densities increase ignition delays and
alter flame shape [43]. Analytical counter-flow non-
premixed combustion models demonstrate the effect of
Stokes numbers on particle trajectories and highlight the heat
loss impacts on overall system temperatures [44].

Additionally, ammonia/coal co-firing has emerged as a
promising study area. Research shows that increasing am-
monia ratios prolong ignition delays in low-oxygen environ-
ments, with homogeneous ignition dominating the process
due to ammonia inhibitory effect on oxygen diffusion [45].
Similarly, Zhang et al. [46] developed a new burnout model
incorporating pore volume correction, improving radiation
prediction accuracy in coal-fired boilers.

Other studies have expanded the understanding of coal
combustion dynamics through computational and experi-
mental approaches. Ghose et al. [47] and Cai et al. [48] em-
phasized the importance of turbulence modeling, radiation
effects, and devolatilization kinetics in improving the accura-
cy of CFD models for pulverized coal combustion. These
studies highlighted how advanced CFD techniques can pro-
vide detailed insights into thermo-chemical phenomena,
aiding the optimization of industrial furnaces. Miura [49]
investigated coal combustion in blast furnace blowpipes,
demonstrating the impact of turbulence and combustion
models on predicting heat transfer and temperature gradients.
Similarly, Chen et al. [50] used Direct Numerical Simulation
(DNS) to analyze the influence of particle size, mass loading,
and preferential concentration on reaction zones, revealing
that smaller particles result in upstream combustion zones
with enhanced heat release rates.

Zhang et al. [51] explored the coal char ignition kinetics,
showing that ignition time increases with increasing particle
size, but decreases with higher temperatures and pressures.
Luu et al. [52] extended the study of particle combustion to
iron particles in turbulent environments, revealing transitions
from kinetic- to diffusion-limited oxidation with increasing
temperatures. Barraza et al. [53] and Macphee et al. [54]
focused on multiphase flow and heat transfer in rotary kilns,
demonstrating the dominant role of convection in heat trans-
fer to coal particles. These findings are further extended by
studies on models incorporating eddy break-up (EBU) and
kinetic parameter reactions, which provided valuable insights
into fuel optimization and emission reductions [55]-[57].

The reviewed studies highlight the growing reliance on
numerical methods to investigate coal combustion dynamics,
optimize processes, and reduce emissions. Based on these
advancements, this research focuses on the behavior of pul-
verized coal combustion in a cylindrical channel.

This research aims to better understand reaction zone
evolution, temperature stabilization, and species distribution
in confined geometries. By incorporating advanced turbu-
lence models and heat transfer considerations, this research
contributes to the broader goal of improving the efficiency
and sustainability of coal combustion systems, serving as a
foundational stage for the subsequent co-gasification process
of coal seams and carbonaceous raw materials.
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2. Materials and methods

2.1. Geometry

The computational domain is designed to replicate a typi-
cal gasification channel with a length of 30 m, based on prior
calculations identifying this length as optimal for achieving
effective gasification. The geometry consists of a cylindrical
cavity formed within a coal seam, where pulverized coal is
injected and combustion occurs.

To simulate the fuel and oxidizer supply, a concentric
pipe-in-pipe configuration is implemented. The inner pipe
(fuel_inlet) with a diameter of 10 cm injects pulverized coal,
while the outer pipe (air_inlet) with a diameter of 20 cm
delivers air as the oxidizer. This configuration ensures proper
mixing of fuel and oxidizer within the channel.

At the opposite end of the channel, a circular outlet with a
diameter of 20 cm allows the combustion products to exit the
system. The inlet and outlet dimensions are selected to pro-
vide sufficient flow rates and maintain stable combustion
conditions within the channel.

2.2. Mesh generation

The computational domain is discretized using a struc-
tured mesh to ensure high accuracy and stability in the simu-
lation of combustion and flow dynamics (Fig. 1). The mesh
is generated in with the following key parameters:

— the global element size is set to 1.0x10 m, ensuring a
detailed geometry resolution;

—the minimum edge length is defined as 5.0x103m, al-
lowing for precise capture of flow gradients near boundaries;

—mesh curvature capture is enabled with a normal curva-
ture angle, ensuring accurate representation of curved surfa-
ces within the geometry.

Outlet
.

Inlet
—

Oxidant+ fuel

Air (02) + .

pulverized coal +N2

Products of

combustion .

Figure 1. Schematic representation of the computational domain

The mesh comprises approximately 303066 nodes and
299965 elements, providing sufficient resolution for captur-
ing flow and combustion phenomena. The diagonal length of
the bounding box is 30.017 m, matching the physical length
of the channel.

The mesh quality is validated to align with CFD best
practices, ensuring reliable numerical performance through-
out the simulation. Skewness is carefully controlled, main-
taining values below 0.9, which is critical for minimizing
numerical errors and ensuring solution accuracy. Additional-
ly, medium smoothing is applied to further enhance the over-
all quality of the mesh elements, particularly in regions with
complex flow dynamics.
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Inflation layers with a smooth transition are implemented
to accurately capture boundary layer effects near the channel
walls and pipe inlets. The transition ratio is set to 0.272, with
a maximum of two layers to provide gradual refinement from
the walls to the core flow region. This approach ensures that
the mesh can adequately resolve flow gradients and tempera-
ture profiles in critical zones.

2.3. Model parameters
2.3.1. Energy equation

The energy equation is enabled to model the transfer and
distribution of heat generated by combustion reactions within
the channel. This equation plays a crucial role in capturing
temperature gradients, thermal expansion, and the effects of
heat loss or gain due to conduction, convection, and radia-
tion. The energy equation is expressed as:
8(pE)

p +V-(V(pE+ p))zv-(keﬁw—%hjjj}rsh, (1)

where:

p — the fluid density;

E — the total energy per unit mass;

v —a velocity vector;

kert —an effective thermal conductivity (includes effects
of turbulence);

T — a temperature;

h;j — an enthalpy of species j;

Sh — volumetric heat source term (e.g., due to chemical
reactions or radiation);

J —is the diffusion flux of species j.

The energy equation is essential for accurately predic-
ting the thermal behavior in high-temperature combustion
processes, such as pulverized coal combustion. It ensures
that the effects of heat release from chemical reactions,
thermal diffusion, and heat transport are taken into consi-
deration. This is particularly critical for understanding the
formation of high-temperature zones near the inlet and their
evolution downstream.

2.3.2. Viscous model

The k-epsilon (k-¢) turbulence model is selected due to
its robustness and suitability for high Reynolds number
flows, which are typical in combustion-driven systems. This
model predicts the effects of turbulence on flow, mixing,
and heat transfer by solving two transport equations: one for
the turbulence kinetic energy (k) and another for its dissipa-
tion rate (¢). Turbulence Kinetic energy (k) is calculated
according to Equation (2):

o( pk
(o )+v.(p\7k)=v.[ﬂwj+ek—pg, ®)
ot Ok

where:

w: — the turbulent viscosity;

ok — the turbulent Prandtl number for k;

Gk — the turbulence kinetic energy production;

pe — a dissipation of k;

V —is the nabla operator, which is used to denote spatial
derivatives (it signifies the gradient, divergence, or Laplacian
of a quantity depending on its context).
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Turbulence dissipation rate (¢) is calculated according to
Equation (3):
)-v{
where:

6(,05)
0. — the turbulent Prandtl number for &;
C1, C2 — empirical constants.
Turbulent viscosity (u«)

Equation (4):

k2
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is calculated according to

(4)

where:

C, —amodel constant.

The k-epsilon turbulence model is selected for this re-
search due to its suitability for high Reynolds number flows
and ability to accurately capture turbulence characteristics
in combustion-driven systems. The flow within the channel
involves high-speed injection and intense mixing of fuel
and oxidizer, making the k-epsilon model ideal for predict-
ing the turbulence effects critical to non-premixed combus-
tion processes. Additionally, this model balances accuracy
and computational cost, providing reliable predictions for
industrial-scale combustion systems while remaining com-
putationally efficient. Its extensive validation in studies of
high temperature reacting flows further underscores its
robustness and reliability for modeling scenarios similar to
those investigated in this work.

2.4. Combustion model

For this study, the non-premixed combustion model is
chosen to simulate the combustion process within the cylin-
drical channel. This model is particularly well-suited for
scenarios where the fuel and oxidizer are introduced sepa-
rately and mix within the combustion zone, as is the case in
the pipe-in-pipe configuration of the present system. The
pulverized coal is injected through the central pipe, while air
is supplied through the outer annular region, ensuring distinct
fuel and oxidizer streams. This configuration creates a diffu-
sion-dominated combustion regime, where the reaction rates
depend primarily on mixing fuel and oxidizer.

The non-premixed combustion model is based on the
mixture fraction approach, which simplifies the solution of
chemical reactions by reducing the governing equations to a
single scalar variable, the mixture fraction (f). This variable
represents the local mass fraction of elements originating
from the fuel stream. The combustion process is assumed to
be in chemical or close to chemical equilibrium, allowing for
the instantaneous reaction of the fuel and oxidizer when
mixed. The key equation governing the mixture fraction is
the transport Equation (5):
ﬁ(pf )

ot

where:

p — the local gas density;

f — the mixture fraction;

v — the velocity vector;

D — the mass diffusivity;

St —a source term accounting for contributions from fuel
injection or chemical reactions.

+V-(p\7f):V~(pDVf)+Sf , (5)
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The mixture fraction, denoted as f, is calculated using the
Equation (6):

£ Z—Zoy
quel _Zox

, (6)

where:

Z — the carbon mass fraction in the mixture;

Zox — the carbon mass fraction in the oxidizer;

Zsel — the element mass fraction in the fuel.

This dimensionless quantity of f ranges from 0 (pure oxi-
dizer) to 1 (pure fuel). It allows the determination of the local
composition of the mixture, as well as predictions of tempe-
rature and concentrations of combustion products at each
point in the flow. The mixture fraction allows for determi-
ning species concentrations and temperature through pre-
computed equilibrium tables. This approach significantly
reduces computational cost while maintaining accuracy in
predicting combustion characteristics.

There are several reasons why this model is selected:

1. Pipe-in-pipe configuration inherently creates separate
streams for the pulverized coal and air, making a diffusion-
driven model ideal.

2. In pulverized coal combustion, mixing volatile species
and oxygen primarily dictates the reaction rates, which the
non-premixed model effectively captures.

3. The mixture fraction formulation simplifies the numer-
ical solution, making it computationally efficient while accu-
rately resolving the temperature and species profiles.

This model effectively captures the complex interactions
between fuel and oxidizer, providing reliable predictions for
temperature distribution, species concentrations, and overall
combustion efficiency in the cylindrical channel.

2.5. Coal properties and particle settings

The coal properties are defined based on proximate and
ultimate analyses (dry ash-free basis), which is essential for
accurate combustion modeling. Both are calculated in weight
percent (wt, %). Coal properties are summarized in Table 1.

Table 1. Ultimate and proximate coal analyses

Ultimate analysis (wt, %)

Cdaf Hdaf Odaf Ndaf Sdaf
80.7 6.3 6.8 4.9 13
Proximate analysis (wt, %)

FC \Y A M
41.7 26.27 27.13 4.9

The lower calorific value (LCV) of the coal, adjusted for
dry ash-free (DAF) conditions, is computed using the formula
presented in Equation (7):

Hy -W
ar latent ar ""'HoO | atent
HCVoal —hHZO ‘M - X ‘0

daf
LCVCOﬁl = 1-M=A !

™

where:

M and A — proximate analysis fractions for moisture and
ash content, respectively;

Har — the ultimate hydrogen fraction in the coal,;

Wh,0, Wu—molecular weights of water and atomic

hydrogen, respectively;
h:jt%“ — the latent heat of water.
2
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Equation (7) accounts for the high calorific value (HCV) of
coal on an as-received basis, corrected for moisture and ash
content, as well as the latent heat of water vaporization. This
formula ensures that coal effective calorific value is accurately
determined, considering the thermodynamic losses due to
moisture and ash. The computed LCV, along with the empiri-
cal fuel composition, serves as the foundation for defining the
non-premixed combustion model and aligning the coal particle
properties for accurate thermal and chemical simulation.

The coal particle material is defined as a “coal particle”
with a high calorific value (HCV) of 2.46x107 J/kg, represen-
ting the coal energy content. Additional parameters include a
high-temperature volatile yield of 1.0 and a fraction of nitro-
gen in char — 0.7. After inputting the coal properties, the fol-
lowing adjustments are automatically generated to align the
model parameters with the defined fuel composition:

—an empirical fuel stream is created with a lower calorif-
ic value (LCV) of 3.46x10" J/kg;

—the non-adiabatic model is activated to account
for heat losses, and the boundary species are set for in-
let/outlet conditions;

— the material, called coal-particle, is defined with a vola-
tile component fraction of 0.311 and a combustible fraction
of 0.417, representing the volatile and fixed carbon contribu-
tions, respectively, in the combustion process;

— for accurate prediction of nitrogen oxide emissions, the
volatile nitrogen mass fraction is set to 0.03803, and the char
nitrogen mass fraction is set to 0.05590.

These parameters ensure precise modeling of combustion
dynamics, volatile release, and NOyx formation, which are
critical for understanding the thermal and chemical behavior
of pulverized coal during non-premixed combustion.

2.6. Creation of the probability density function (PDF)

In non-premixed combustion modeling, the probability
density function (PDF) method is widely employed to ac-
count for the effects of turbulence-chemistry interactions.
The PDF approach describes the distribution of scalar quanti-
ties, such as temperature and species concentrations. Instead
of solving for a single deterministic value, the method uses a
statistical approach to represent fluctuations due to turbu-
lence, particularly in mean mixture fraction (Z) and its vari-
ance. The mean mixture fraction is defined as the normalized
mixing ratio of fuel and oxidizer:

3 Fuell Mass
Fuell Mass+ Oxidizer Mass -

(8)

When Z =0, the composition corresponds to pure oxidi-
zer (e.g., air). When Z =1, the composition corresponds to
pure fuel. Intermediate values of Z represent zones where
fuel and oxidizer are mixed to varying degrees, describing
the transition between pure oxidizer and pure fuel regions.

The accuracy of the PDF-based combustion model in the
non-premixed combustion approach is highly dependent on
the correct specification of table parameters, which ensures
an optimal balance between computational efficiency and
solution accuracy. The grid point resolution is a critical pa-
rameter, where the initial number of grid points determines
the starting resolution of the PDF table. In contrast, the maxi-
mum number of grid points sets an upper limit to refine the
solution if necessary. This study sets values of 20 for the
initial grid points and 200 for the maximum grid points,
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which are typically sufficient to provide a well-resolved table
without excessive computational cost.

The maximum change in value ratio and maximum
change in slope ratio is set to 0.5, ensuring smoother gradi-
ents and refined convergence, particularly in regions with
significant variations in species concentration or tempera-
ture. The maximum number of species in the table is set to
20, while the minimum temperature is defined as 25°C to
maintain numerical stability and prevent unphysical results.
Additionally, automated grid refinement is enabled to
adaptively improve resolution in regions with sharp scalar
gradients, ensuring accuracy without unnecessary computa-
tional overhead.

The graph of mean temperature as a function of the mean
mixture fraction and scaled variance presented in Figure 2 is
crucial for understanding the combustion process and vali-
dating the non-premixed combustion model. The PDF ap-
proach is used to describe the statistical behavior of tempera-
ture within regions where fuel and oxidizer mix.

The axes of the graph represent critical parameters for
understanding the combustion process. The mean mixture
fraction (Z) ranges from 0 to 1 (as described before).

Mean temperature [K]

Figure 2. Mean temperature distribution as a function of mean
mixture fraction and scaled variance for the non-
premixed combustion model

The scaled variance accounts for fluctuations or turbu-
lence in the mixing process, highlighting the variability in
fuel-oxidizer interactions. The mean temperature (K) indi-
cates the resulting temperature of the mixture under different
mixing conditions, reflecting the energy release and combus-
tion efficiency across the range of mixture fractions and
turbulence intensities.

The highest temperature (more than 1500°C) is achieved
at intermediate values of Z (around 0.04-0.19), where the
optimal fuel-oxidizer ratio exists, and enabling complete
combustion. At low mixture fractions, the temperature re-
mains lower due to insufficient fuel for significant heat re-
lease. At high mixture fractions, temperature decreases be-
cause the lack of oxidizer limits combustion efficiency. The
inclusion of scaled variance shows the impact of mixing
fluctuations on temperature, which is essential for predicting
localized hotspots or incomplete combustion zones.

So, this graph helps define the mean temperature distribu-
tion under varying fuel and oxidizer mixing conditions,
providing essential input for subsequent simulations.
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2.7. Boundary conditions

The air and fuel inlets are configured to ensure accurate
representation of oxidizer and fuel supply, as well as turbu-
lence effects at the boundaries. The air inlet is specified with
a velocity value of 30 m/s, normal to the boundary, providing
a consistent supply of oxidizer. Similarly, the fuel inlet is set
with a velocity value of 7.7 m/s, also normal to the boundary,
enabling pulverized coal injection. The turbulence intensity
and viscosity ratio method is used in both inlets, with a tur-
bulence intensity of 5% and a viscosity ratio of 10, reflecting
moderate turbulence typical of confined channels. The air
inlet is defined with a mean mixture fraction of 0 for species
boundary conditions, indicating pure oxidizer. In contrast,
the fuel inlet is set to a mean mixture fraction of 1, represent-
ing pure fuel. Both inlets include a mixture fraction variance
of 0.125, accounting for boundary mixing fluctuations. These
conditions ensure accurate mixing and combustion dynamics
simulation at the inlet regions.

The outlet is specified as a pressure outlet with a zero-
gauge pressure (approximately 0.101325 MPa under standard
conditions), ensuring atmospheric pressure conditions. Back-
flow conditions are modeled with a turbulence intensity of
5% and a viscosity ratio of 10 to account for potential recircu-
lation or flow instabilities near the outlet. The mean mixture
fraction and its variance are set to 0, indicating no additional
species contributions or mixing from the outlet boundary.

2.8. Solution methods

The transient simulation uses the PISO scheme (Pressure-
Implicit with Splitting of Operators) for pressure-velocity
coupling, ensuring accurate resolution of unsteady dynamics
associated with non-premixed combustion. The gradient is
discretized using the Least Squares Cell-Based method, while
pressure discretization uses the second-order scheme for en-
hanced accuracy. Momentum, energy, and mean mixture frac-
tion equations are solved using the Second Order Upwind
method to minimize numerical diffusion and improve solution
accuracy. Turbulent kinetic energy and dissipation rate are
discretized with the First Order Upwind scheme to balance
computational efficiency and stability.

2.9. Transient simulation setup

In this research, the model is configured as a transient
simulation to capture the temporal evolution of combustion
dynamics at specific time intervals of 1, 12, and 24 hours.
These intervals are selected to represent the early-stage, mid-
stage, and near-final combustion behavior, providing critical
insights into the progression and stabilization of key varia-
bles such as temperature, velocity, and species concentra-
tions. The physical time intervals are converted into seconds
(3600, 43200 and 86400 s) to ensure precise control over the
simulation duration.

A small initial time-step size (e.g., 10™s) is used to
achieve numerical accuracy and stability, adjusted on the
Courant-Friedrichs-Lewy (CFL) condition. Adaptive time-
stepping automatically adjusts the time-step size, allowing the
solver to resolve fast physical processes like turbulent mixing
and chemical reactions without compromising runtime effi-
ciency. Data-saving intervals are defined using the “autosave”
option in the calculation menu of activities, which ensures that
results are saved specifically at 1, 12, and 24 hours, thus re-
ducing storage requirements. Post-processing tools are then
used to extract and analyze the results, including contour maps
and plots for the selected time points.
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3. Results and discussion

3.1. Temperature and specific heat distribution

The pulverized coal combustion within the cylindrical
cavity is modeled to analyze the temperature and specific
heat distributions along the channel at different time intervals
(1, 12, and 24 hours). The results are presented in Figure 3
(contour maps) and Figure 4 (plots), highlighting the dyna-
mic evolution of key parameters during the combustion pro-
cess. Figure 4 provides a quantitative view of the parameters.
The temperature and specific heat distributions evolve over
time, but their overall patterns remain consistent.

The static temperature distribution (Fig. 3a and Fig. 4, top
row) shows a distinct heating zone near the inlet, where the
combustion process is most active. At 1 hour, the peak tem-
perature reaches approximately 1220°C within the first 5 m
of the channel. The temperature then sharply decreases and
stabilizes around 520°C beyond 10 m. At 12 hours, the peak
temperature rises to approximately 1490°C, and the high-
temperature zone expands slightly further downstream, re-
flecting a more developed combustion process. By 24 hours,
the maximum temperature increases to approximately
1540°C, with a similar spatial distribution, indicating that the
combustion process reaches a relatively stable state.

A notable observation from the temperature profiles is
temperature stabilization along the channel length in the
downstream regions. Specifically, at 1 hour, the temperature
between 5 and 30 m stabilizes at approximately 490-520°C,
while for 12 and 24 hours, the temperature beyond 10 m
shows a similar stabilization. This behaviour suggests that
the combustion-generated heat is not effectively propagating
downstream and is being rapidly dissipated.

Several factors can explain such stabilization. A signifi-
cant portion of the heat could be lost through conduction into
the surrounding coal seam, roof and bottom rocks. These
materials typically have high thermal conductivity, facilita-
ting heat transfer from the combustion zone. As a result, the
downstream gas temperature does not increase significantly
despite continued combustion upstream. Beyond the primary
combustion zone (approximately the first 5-10 m), the avai-
lability of oxygen and volatile gases decreases, reducing heat
release. The observed temperature range of 490-520°C may
represent a state where the heat dissipation into the environ-
ment balances the heat generation from residual reactions.
This quasi-steady-state behavior is typical in systems where
energy losses to the environment are significant. Finally,
while convective heat transfer plays a role in transporting
energy along the channel, the dominance of conductive loss-
es to the surrounding strata may limit the effectiveness of
convective heat propagation. Radiative losses within the
channel could also contribute but are generally less signifi-
cant in this temperature range.

The observed temperature stabilization does not contra-
dict the fundamental principles of thermal physics, but rather
highlights the strong influence of conductive heat transfer in
this system. In subsurface environments, the surrounding
rock and coal layers act as significant heat sinks, effectively
dispersing thermal energy away from the combustion zone.

The specific heat capacity distribution (Fig.3b and
Fig. 4, bottom row) closely correlates with the temperature
profile, reflecting the changes in thermal energy along the
channel length.
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Figure 4. Plots of static temperature and specific heat distribution along the channel length at 1, 12, and 24 hours of pulverized

coal combustion

The specific heat initially rises at the inlet region
due to the high-temperature reactions. The peak specific
heat values (approximately 1400-1500 J/kg-K) are observed
close to the combustion zone for all time intervals. As the
reaction pro-ducts move downstream, the specific heat
gradually decreases and stabilizes, similar to the tem-
perature behavior.

The higher temperature observed near the channel walls
compared to the center can be attributed to several factors.
First, the turbulence flow near the walls enhances oxygen
and pulverized coal mixing, leading to more intensive com-
bustion reactions in these regions. The heat transfer dynam-
ics also play a crucial role: conductive heat transfer from the
hot gases to the surrounding coal seam and roof/bottom rocks
may cause temporary heat accumulation near the walls. Fur-
thermore, the slower flow velocity in the near-wall regions
allows more heat to be retained locally, while the higher
velocity in the center facilitates faster heat dissipation down-
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stream. Radiative heat transfer and potential surface reactions
on the channel walls may also contribute to localized heating.
These phenomena collectively explain the observed tempera-
ture distribution and align with the thermophysical principles
governing combustion and heat transfer in conditionally
confined environments.

3.2. Non-combustible gaseous species

The distribution of non-combustible gaseous species,
including oxygen (O2), carbon dioxide (CO2), and nitrogen
(N2), provides valuable insights into the combustion dy-
namics and efficiency along the channel length. Figures 5
and 6 illustrate spatial and temporal evolution of mass frac-
tions at 1, 12, and 24 hours of pulverized coal combustion.
These results enable a detailed assessment of oxygen con-
sumption, the formation of carbon dioxide as a primary
combustion product, and the role of nitrogen as an inert
carrier gas during the process.
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The mass fraction of oxygen (O:) distribution decreases
rapidly in the initial section of the channel at all time intervals
(Fig. 5a). At 1 hour, oxygen reacts almost instantaneously,
dropping its concentration to zero within the first 3 m of the
channel. This indicates highly active combustion reactions
near the inlet. Over time, at 12 hours, oxygen begins to diffuse
downstream, with the depletion zone extending up to 6 m,
reflecting the expansion of the combustion reaction zone. By
24 hours, a slight reduction in oxygen concentration is ob-
served along the channel, but its distribution remains relatively
stable beyond the primary combustion region. This stabiliza-
tion suggests that the remaining oxygen cannot sustain signifi-
cant downstream reactions, aligning with overall depletion of
reactive gases in these regions.

The plots for oxygen (Fig. 6, top row) further illustrate
this behavior, showing the sharp decline in mass fraction
within the initial 3 m at 1 hour, which extends to 5-6 m at
later time intervals.

Oxygen distribution along the channel contours rather
than in the center is directly influenced by the injection con-
figuration of fuel and oxidizer. Pulverized coal is injected
through the central tube, concentrating the fuel in the channel
core. At the same time, oxygen is supplied through the outer
annular region, ensuring its initial concentration highest near
the channel walls. This spatial separation creates a distinct
reaction pattern: oxygen is consumed rapidly as it diffuses
inward to the fuel-rich core, leading to near-zero concentra-
tions in the center within the active combustion zone. Addi-
tionally, the higher turbulence near the fuel jet in the center
enhances mixing and reaction rates, further accelerating
oxygen depletion in the core. In contrast, the oxygen concen-
tration remains higher near the walls due to slower diffusion
and less direct interaction with the concentrated fuel stream.
This configuration ensures efficient combustion near the inlet
while limiting the oxygen availability downstream.

The mass fraction of carbon dioxide (CO2) distribution
exhibits a complementary trend to oxygen (Fig. 5b). CO:
rapidly increases in the first 5-10 m, indicating that it is the
primary combustion product of carbon-based fuels. In all
time intervals, the highest concentration of CO: is observed
near the inlet, where oxygen is actively reacting with pulver-
ized coal. Beyond 10 m, the mass fraction of CO: stabilizes,
reflecting the oxygen profile and suggesting limited further
production downstream.

The CO: mass fraction trends shown in Figure 6 (middle
row) highlight its complementary relationship with oxygen.
At 1 hour, the CO: mass fraction rapidly increases within the
first 5m, peaking at approximately 0.20 and stabilizing
downstream at around 0.18. By 12 and 24 hours, the CO-
production zone shifts slightly downstream, as the combus-
tion process evolves, with the peak mass fraction increasing
to approximately 0.23-0.24 near the inlet. However, beyond
10 m, the CO: concentration remains stable at approximately
0.18, confirming that combustion reactions no longer occur
in this region due to the depletion of oxygen and fuel. The
fuel injection configuration directly influences the spatial
distribution of CO.. Pulverized coal, supplied through the
central tube, concentrates the combustion process near the
channel center. As a result, the maximum CO: production is
observed along the central axis of the channel, where fuel
and oxygen interact most intensely. In contrast, the CO:
concentration near the walls is relatively lower due to the
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lower fuel concentration and limited combustion activity in
these regions. This behavior highlights the strong depen-
dence of CO. formation on the localized availability of fuel
and oxygen within the combustion zone.

Nitrogen (N), an inert gas, shows a more uniform distri-
bution along the channel (Fig. 5¢). However, its concentra-
tion increases downstream, particularly in regions where
oxygen and carbon dioxide stabilize. This behavior reflects
the role of nitrogen as a carrier gas unaffected by chemical
reactions and accumulating relatively smoothly as oxygen is
depleted and combustion products dominate. Nitrogen, as an
inert component, shows a stable mass fraction along the
channel for all time intervals (Fig. 6, bottom row). Its relative
concentration slightly increases downstream due to the de-
pletion of reactive gases (O2) and the accumulation of com-
bustion products (CO:). This behavior is consistent in all
time intervals, with the mass fraction stabilizing at 0.6, high-
lighting the role of nitrogen as a passive ballast gas.

So, the initial 5-10 m of the channel represent the primary
combustion zone, characterized by a rapid decrease in oxy-
gen (O2) and a simultaneous increase in carbon dioxide
(CO2). This behavior reflects the intense consumption of
oxygen and its role in driving the combustion reactions that
generate CO: as a significant product. The localized interac-
tion of fuel and oxygen within this region highlights the high
reactivity and energy release near the channel inlet. Beyond
10 m, the mass fractions of Oz, CO2, and N: stabilize in all
time intervals, indicating the completion of significant com-
bustion reactions. The downstream region is predominantly
influenced by the transport of inert gases or already-reacted
combustion products. This stabilization is particularly evi-
dent for Oz and CO., where no further reaction occurs due to
fuel and oxygen depletion in these zones.

Over time, the oxygen depletion and CO: production
zones expand further downstream, as seen at 12 and
24 hours, reflecting the progressive spread of the combustion
process and the stabilization of reaction zones as the system
reaches equilibrium. The temporal shift highlights the adapt-
ability of the combustion process and its dependency on the
availability of reactive species. At 12 hours and 24 hours, the
distributions of oxygen (Oz2), carbon dioxide (CO:), and ni-
trogen (N2) are nearly identical. This similarity suggests that
the system reaches a steady state within this time frame. The
oxygen depletion and CO: production zones show minimal
changes between these intervals, indicating that the combus-
tion reactions and associated gas distribution have stabilized.
The steady-state behavior reflects the equilibrium between
the rates of oxygen supply, fuel consumption, and heat
transfer within the system. This observation underscores the
importance of the 12-24 hour range as a representative time
interval for analyzing the stabilized performance of the
combustion process.

3.3. Combustible gaseous species

The distribution of combustible gaseous species, including
carbon monoxide (CO), methane (CHa4), and hydrogen (Hz),
also provides valuable insights into the combustion dynamics
and efficiency along the channel length. Figures 7 and 8 illus-
trate spatial and temporal evolution of mass fractions at 1, 12,
and 24 hours of pulverized coal combustion. These results
enable a detailed assessment of intermediate reaction products
and their role in combustion.
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The carbon monoxide (CO) mass fraction shows a dis-
tinct pattern along the channel length (Fig. 7a). At 1 hour,
CO rapidly increases within the first 5 m. Peaking is reached
at 12 hours, making approximately 0.17 at distances of
7-8 m. This behavior indicates incomplete combustion in the
early stages, where oxygen is consumed, but not all interme-
diate products are fully oxidized. By 24 hours, the CO distri-
bution becomes more uniform, with the same concentrations
(around 0.13) in the middle and downstream regions, sug-
gesting enhanced oxidation of CO to CO: as the combustion
reactions stabilize over time. The plots for CO mass fraction
(Fig. 8, top row) show a steep increase within the first 3-5m
at 1 hour, peaking at approximately 0.16-0.18 levels and then
stabilizing at lower levels (~0.13) along the downstream
region. At 12 and 24 hours, the CO production zone shifts
slightly downstream, with higher concentrations extending to
6-10 m. However, the overall CO distribution remains stable
beyond this point, suggesting that most of the CO has dif-
fused downstream with minimal further reaction.

The methane (CH4) mass fraction is concentrated near the
inlet, peaking within the first 5-6 m at all time intervals, with
a maximum value of approximately 0.06 (Fig. 7b). This
indicates that methane is predominantly generated in the
initial combustion zone as an intermediate product of coal
pyrolysis. The CH4 distribution exhibits its highest concen-
trations near the inlet, peaking at approximately 0.05 (Fig. 8,
middle row). This peak shifts slightly downstream at 12 and
24 hours, reaching distances of 10 m, consistent with the
progression of coal pyrolysis reactions. Beyond this zone, the
methane mass fraction stabilizes at approximately 0.07, indi-
cating that most of the CH4 has been diffused downstream.

Hydrogen (H:) exhibits a similar trend to CHa, with its
highest concentration near the inlet, peaking at 0.01
(Fig. 7c). The H: mass fraction decreases sharply down-
stream, stabilizing at negligible levels beyond 10 m. This
behavior reflects the rapid consumption of hydrogen in
oxidation and recombination reactions, particularly in the
high-temperature combustion zone near the inlet. The distri-
bution of H: (Fig. 8, bottom row) shows a sharp initial in-
crease near the inlet, with maximum concentrations of ap-
proximately 0.01 at 1 hour, followed by a rapid decline
beyond 5m. At 12 and 24 hours, the Hz production zone
also shifts downstream, with peak values extending at
5-8 m. The H: concentration stabilizes in the downstream
region at negligible levels (~0.003-0.0035), highlighting
its quick consumption in high-temperature reactions and
limited persistence further along the channel.

3.4. Combustible vs non-combustible gaseous species

The relationship between combustible and non-combustible
gaseous species provides critical insights into the efficiency and
progression of combustion reactions along the channel length.
The combined analysis of key species such as oxygen (O-),
carbon dioxide (COz), carbon monoxide (CO), methane (CHa),
hydrogen (H:), and nitrogen (N) offers a comprehensive view
of the reaction dynamics, as illustrated in Figure 9.

Oxygen (0O2) undergoes rapid depletion within the first 3-
5 m of the channel, aligning with the high-intensity combus-
tion near the inlet. Simultaneously, carbon dioxide (CO-), the
primary combustion product, shows a complementary trend,
rapidly increasing concentration and stabilizing downstream at
approximately 18%. This stabilization reflects the near-
complete conversion of oxygen and intermediate species into
final combustion products in the upstream regions.
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coal combustion

Combustible intermediates, such as carbon monoxide
(CO), methane (CH4), and hydrogen (H:), exhibit distinct
patterns. CO peaks at the beginning of channel, suggesting
its role as a transient species during incomplete combustion,
and then gradually declining as it is oxidized to CO.. Me-
thane and hydrogen, both products of coal pyrolysis, are
concentrated near the inlet and decrease sharply downstream
due to rapid secondary reactions. The limited persistence of
CHs and H2 shows their efficient conversion into CO and
CO: within the primary combustion zone. Nitrogen (N2)
remains unaffected by combustion, maintaining a stable
concentration of approximately 62% in the second part of the
channel. Its inert behavior reinforces its role as a diluting gas.

The interaction between combustible and non-combus-
tible species illustrates the combustion process efficiency.
The rapid consumption of O, the stabilization of CO-, and
the reduction of intermediates such as CO, CHa, and H-
demonstrate that the system effectively converts fuel into
stable products, with minimal unburned species escaping
downstream. These trends highlight the dominance of com-
bustion reactions in the upstream regions and the eventual
stabilization of gas compositions further along the channel.

Combustible gases such as CO, CH4, and H: are formed
during pulverized coal combustion primarily due to pyrolysis
and incomplete oxidation reactions. During pyrolysis, high
temperatures cause thermal coal decomposition, releasing
volatile compounds that include methane and hydrogen.
Simultaneously, insufficient oxygen in localized zones leads
to partial oxidation of carbon, producing carbon monoxide as
an intermediate species. These processes are inherent in
complex reaction pathways during coal combustion.

3.5. Flow dynamics and their role in combustion

The study of flow parameters, including velocity value,
turbulence intensity, and density, is crucial for understanding
the physical processes that influence combustion efficiency
and the distribution of gaseous species along the channel.
Figures 10 and 11 illustrate spatial and temporal evolution of
these parameters during pulverized coal combustion, provi-
ding insights into how the flow environment evolves and its
impact on reaction zones and energy transfer.
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Figure 11. Plots of flow parameters distribution (velocity value, turbulence intensity, density) along the channel length at 1, 12, and
24 hours of pulverized coal combustion

120



V. Lozynskyi. (2024). Mining of Mineral Deposits, 18(4), 109-124

Flow dynamics dictate the mixing of fuel and oxidizer,
the transport of reactive species, and the removal of combus-
tion products, thereby playing a critical role in the progress
and stability of the combustion process.

The velocity value (Fig. 11, top row) along the channel
demonstrates a distinct profile, with the highest values near
the inlet and outlet, which is related to the geometric dimen-
sions of the inlet and outlet. Throughout the entire combus-
tion process of pulverized coal, the velocity at the inlet re-
mains approximately 25 m/s, reflecting the initial dynamics
of the pulverized coal and air mixture injection. As the flow
progresses downstream, the velocity decreases and stabilizes
at around 10-15 m/s, indicating a more uniform flow regime.
The velocity profiles remain unchanged over 24 hours, indi-
cating a steady-state flow condition with minimal variations
along the channel.

As combustion progresses, the gas mixture temperature
increases significantly, leading to thermal expansion. The
combustion zone stabilizes over time, and a greater volume
of gases expands, generating higher pressure within the
channel. This increased pressure drives a higher flow veloci-
ty at the outlet. Also, combustion produces lighter gaseous
species (e.g., CO2, H20) and high-temperature gases with
lower density. According to the continuity equation
(pvA = const), the decrease in gas density (p) is compensated
by an increase in velocity (v) at the outlet. Finally, efficient
combustion enhances the thermal expansion of gases, in-
creasing their velocity as they exit, which explains the high-
velocity rate (up to 58 m/s) on the outlet side of the chamber.

The turbulence intensity exhibits its maximum values near
the inlet, exceeding 800-1000% due to the high-speed injection
and intense mixing of fuel and oxidizer (Fig. 11, middle row).
At 1 hour, turbulence decreases gradually along the channel,
stabilizing at lower levels (~200-300%) beyond 10 m. At 12
and 24 hours, the turbulence intensity follows a similar trend,
but shows slightly reduced peaks near the inlet, indicating a
more stable mixing regime as the combustion process evolves.
The downstream stabilization of turbulence intensity supports
efficient energy transfer and gas mixing in this region.

The turbulence intensity exhibits its maximum values
near the inlet, exceeding 800-1000% due to the high-speed
injection and intense mixing of fuel and oxidizer at 1% hour
(Fig. 11, middle row). Then, along the channel, the
turbulence decreases gradually, stabilizing at lower levels
(~250-600%). The final 7 m demonstrate a low level of tur-
bulence intensity. At 12 and 24 hours, the turbulence intensi-
ty follows a similar trend, but shows slightly reduced peaks
near the inlet, indicating a more stable mixing regime as the
combustion process evolves. The downstream stabilization of
turbulence intensity supports efficient energy transfer and
gas mixing in this region.

The density profiles highlight the dynamic changes in gas
properties along the channel (Fig. 11, bottom row). Near the
inlet, the density peaks are about 1.3 kg/m?, which corre-
spond to the cold air-fuel mixture entering the channel. As
the combustion reactions proceed, density decreases sharply
due to the high temperatures and the production of lighter
gaseous species. Beyond 10 m, the density stabilizes at ap-
proximately 0.4-0.6 kg/m?, reflecting the fully combusted gas
mixture and its transport to the outlet. At 12 and 24 hours,
the density profiles remain consistent, confirming the estab-
lishment of a steady-state combustion environment.
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So, it is essential to summarize that the highest velocity
value near the inlet and outlet highlight the impact of injec-
tion and exhaust processes on the overall flow regime. High
turbulence near the inlet promotes effective mixing of the
fuel and oxidizer, which is critical for initiating combustion.
The downstream reduction in turbulence reflects the stabili-
zation of flow conditions, and the sharp decrease in density
near the combustion zone indicates the effect of high temper-
atures and gas expansion during combustion. Finally, the
stable density downstream indicates complete combustion
and gas transport efficiency.

3.6. Prospects for future research

The current study provides a detailed investigation of the
temperature stabilization, reaction zone evolution, and spe-
cies distribution within a confined channel during pulverized
coal combustion. However, several avenues for future research
remain to enhance the understanding of combustion dyna-
mics and improve the practical application of these findings.

One promising direction involves the study of heat pro-
pagation into the surrounding roof and bottom strata of the
coal seam. This would provide parameters for the thermal
effects on the geological structure surrounding the combus-
tion channel and help evaluate the risks associated with sub-
sidence and changes in the mechanical properties of the rock
mass and coal seam in the direction of the gasification panel.

Another critical area for exploration is the influence of
external physical fields, such as magnetic or electric fields,
on energy activation. Modifying activation energy could
affect reaction rates and temperature distribution, offering
new possibilities for optimizing combustion processes and
increasing efficiency in specific conditions.

Additionally, future research should focus on the impact
of varying carbonaceous fuel compositions, including bio-
mass and coal particle mixtures, on temperature fields and
combustion dynamics. Understanding how different fuels
alter heat transfer, reaction zones, and emission characteris-
tics will aid in developing sustainable co-gasification pro-
cesses and expanding the applicability of underground coal
combustion technologies. These studies, integrating ad-
vanced simulation methods and experimental validation, will
help further refine predictive models and optimize combus-
tion and co-gasification processes for energy efficiency.

4. Conclusions

This research provides a detailed numerical analysis of
pulverized coal combustion within a confined cylindrical
channel, addressing critical aspects of reaction zone dyna-
mics, temperature stabilization, and species distribution.
Using advanced computational models, incorporating turbu-
lence and heat transfer mechanisms, it advances the under-
standing of non-premixed combustion.

An integrated methodology combining advanced turbu-
lence modeling (k-epsilon) and non-premixed combustion
frameworks has been developed to simulate pulverized coal
combustion in a cylindrical channel. This approach enables
precise characterization of reaction zones and thermophysical
properties, which is necessary for understanding under-
ground coal combustion dynamics.

Distinct stabilization of temperature profiles along the
channel is observed, with a peak temperature of 1540°C
achieved after 24 hours near the combustion zone. Down-
stream, the temperature stabilizes at approximately 520°C,
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due to significant heat dissipation into the surrounding strata.
Temperature temporal and spatial behavior highlights critical
zones for reaction efficiency, emphasizing the impact of
confined geometries on thermal propagation.

The research indicates a progressive evolution of combus-
tion behavior, transitioning through early-stage, mid-stage,
and near-final combustion phases. During the early stage,
rapid oxygen consumption and steep temperature gradients
are observed near the inlet, marking intense reaction activity.
The mid-stage demonstrates an expansion of reaction zones
downstream, with more uniform temperature distributions and
improved mixing efficiency. By the near-final stage, the com-
bustion system stabilizes, achieving steady-state conditions
characterized by consistent temperature profiles and species
distributions. This staged progression underscores the dynam-
ic nature of combustion processes and the importance of sta-
bilization for efficient energy transfer.

Novel insights into the interaction between oxygen deple-
tion, COz formation, and the distribution of intermediate spe-
cies such as CO and CH4 have been obtained. Rapid oxygen
consumption within the first 6 m underscores the efficiency of
the combustion process in upstream regions. At the same time,
the stabilization of species concentrations downstream reflects
the transition to steady-state conditions. Also, an analysis of
velocity and turbulence intensity confirms the importance of
flow-driven mixing in sustaining combustion. High turbulence
near the inlet facilitates effective fuel-oxidizer interaction,
while the gradual stabilization of flow parameters downstream
ensures steady energy transport and species distribution.

This research demonstrates the potential for optimizing
underground coal combustion systems by fine-tuning inlet
parameters, fuel compositions, and channel geometries. It lays
the groundwork for future advances in hybrid co-gasification
processes, highlighting the importance of integrating coal-
biomass combustion for sustainable energy generation.

A basis for further exploration of advanced combustion
phenomena has been created. Future research should consi-
der thermal interactions with geological formations, the in-
fluence of external physical fields on activation energy, and
the impact of varying fuel compositions, including biomass.
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YnceabHe MOJCIIOBAHHS CHAJIOBAHHS BYIJIENIeBMiCHOI CHPOBHHH B KaHAJ BYriIbHOI0 I1acTa
B. JlozuHCBKMI

Meta. BusHaueHHS MexaHi3My Ipolecy TOPiHHS BYTJICIEBMICHOI CHPOBHHH SIK IMIJIOBYTUIGHOTO ITAJIMBA B YMOBAX LIMIIHIPHYIHOI ITOPO-
JKHUHH, C(QOPMOBAHOI y BYTUIBHOMY IUIACTi, 30CEPEIKYIOUNCh Ha JUHAMII PO3MOBCIOLKEHHS TEMIIEPaTyPHHX IIOJIB, PO3MOALTI MPOAYKTIB
TOpiHHSA Ta cTabumi3alii mporecy.

Metoauxka. JJocnimkeHHs BUKOHyBanocs 3a nomnomororo CFD MonentoBaHHS 13 3aCTOCYBaHHSIM MOJENTI TOPiHHS ‘‘CHaTIOBaHHS 0e3 Io-
HepeIHbOro 3MilryBaHHs™ Ta TypOyJIeHTHOT Mozeni K-emcunoH. Bubip reomerpil kaHamy noBxuHO0 30 M Ta miamerpoM 1 M Gasyerbcst Ha
MOMEPeaHIX Po3paxyHKax, sKi BU3HAYAIOThH ii K ONTHMAlbHY Ul JAOCATHEHHs e(eKTUBHOTrO mporuecy korasudikauii. [Ipun mMoaentoBanHi
BPaxOBaHO TEMJIOOOMIH IUIIXOM aKTUBAILii piBHIHHS €HEprii A po3paxyHKy TEIUIONEPEHOCY, IO TO03BOJIMIO BPaxyBaTH IeHEPALIo Tera
BHACJTIJIOK XIMIYHHX PEaKI[iif TOPIHH, a TAKOK HOT'0 PO3MNOBCIO/KEHHS Yepe3 KOHBEKIIII0, TeIIONPOBIHICTD | BUIIPOMIHIOBAHHSI.

Pe3syansTaTn. Busnauenni napamerpu cradimizanii Temneparypaoro nois Ha piBHi 1540°C y 30Hi TopiHHS Yepe3 24 TOAWHM 3 MOCTYIIO-
BHM 3HIDKEHHSM TeMmepartypu g0 520°C y HIDKHIN yacTHHI KaHaIly. Peakiist okucIeHHs BiOyBa€eThCs Ha MEpIINX 6 MeTpax KaHaly i3 ¢pop-
MYBaHHSIM OCHOBHOTO NpoaykTy ropinas CO2. AHaii3 MIBUAKOCTI HOTOKY HOKa3aB BUCOKY TYpOYJIEHTHICTH 011 BXOLY, IO CIpHsie eheKTH-
BHOMY 3MIIIyBaHHIO NajHBa 3 OKUCHIOBaueM. [loCTymoBe 3HM)KEHHS 1HTEHCHBHOCTI TypOyJNeHTHOCTI 3abe3nedye cTaOLIbHUHA pO3MOALT
TEIUIOBOT €Heprii B HIKHIM YaCTHHI KaHAITy.

HayxoBa HoBu3Ha. Po3p001eHO METOOMOTI0 11 MOJETIOBAHHS TOPIHHS MUWJIOBYTUIBHOTO MajliBa B KaHali BYTUIBHOTO IIacTa 3 00-
MEXKEHOI0 TEOMETPIEI0 13 ypaXyBaHHIM CTaIiifHOTO PO3BHUTKY Ipouecy (paHHA, cepenns, (iHambHa cTajii). BusBieHo 3aKOHOMIpHOCTI CTa-
Oiizawii TeMIepaTypHOro Mojs Ta PO3MOALTY XIMIYHIX KOMIIOHEHTIB B3IOBXK KaHATY.

IIpakTnyHa 3HAYAMICTB. Pe3ynbTaTi TOCIHIKEHHS CIyTyIOTh OCHOBOIO JUISl ONITHMI3allii IPOIIECiB Mi3eMHOTO CHATIOBAHHS BYTLLIA Ta
koraszuikanii, CIpsIMOBaHHMX Ha IiJIBUIICHHS e()EKTUBHOCTI POOOTH Ie0pEeaKTOPHOT CHCTEMH.

Knrwuosi cnosa: syeins, uuceivbne MOOeNO8AHHS, MEMNEPAMypHe noje, Ko2augikayis, niozemMHa 2azu@ixayis yeiuisi
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