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Abstract

Spontaneous combustion of coal piles threatens the production and transportation safety
of coal mining, which is attracting more and more attention. To understand the underlying
physics, conducting pore-scale research on the spontaneous combustion of coal piles is
critical. To enable pore-scale research, a pore-scale model of the spontaneous combustion
of a coal pile is described, and governing equations are introduced. To understand the
competition between airflow, heat–mass transfer, and oxidation reaction, the lattice Boltz-
mann method (LBM) is utilized, which offers distinct advantages in handling complex
pore geometries, multi-physics coupling, and reactive transport at the pore scale. The
present model integrates, for the first time in a pore-scale LB framework, airflow driven
by thermal buoyancy, convective heat and mass transfer, and Arrhenius-type oxidation
kinetics within a realistic coal pile geometry. After the numerical method is validated,
the effects of inflowing air velocity, inflowing air temperature, oxygen concentration, and
coal particle size are discussed. With an increase in inflowing air velocity, convective heat
transfer is enhanced, and the coal pile maximum temperature decreases monotonically.
According to the Arrhenius equation, with an increase in the inflowing air temperature
and oxygen concentration, the oxidation reaction is accelerated, and the coal pile maxi-
mum temperature increases. When the size of the coal particle increases, the oxidation
reactive area decreases, and the coal pile maximum temperature decreases, while the steady
temperature is not affected.

Keywords: pore-scale; coal pile; spontaneous combustion; lattice Boltzmann method

1. Introduction
The spontaneous combustion of coal piles threatens the safety of coal production

and transportation, which is attracting more and more attention [1–4]. The spontaneous
combustion of coal piles is complex, involving airflow, heat–mass transfer, and oxidation
reaction. Through the oxidation reaction, heat is generated and accumulated; once the
coal pile maximum temperature exceeds the critical combustion temperature, intensive
spontaneous combustion occurs.

Numerous factors govern the propensity of coal piles toward spontaneous combus-
tion. Key among these are the velocity and temperature of the incoming air, the ambient
oxygen concentration, and the size distribution of the coal particles themselves [5–8]. To
determine the occurrence conditions of the spontaneous combustion of coal piles, Ozdeniz
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et al. formed industry-scale coal piles composed of 12 to 18 mm coal particles and mea-
sured the air velocity and air temperature continuously [5]. To deal with the spontaneous
combustion of coal piles, Fierro et al. carried out physical experiments with five test coal
piles and determined the heat loss coefficients [6]. Through physical experiments, different
factors affecting the spontaneous combustion of coal piles are discussed. However, physical
experiments are insufficient for understanding the underlying mechanisms of spontaneous
combustion in coal piles. With the development of computational theories and methods, the
underlying mechanisms of the spontaneous combustion of coal piles are understood numer-
ically [9–12]. To understand the influence of oxygen concentration, Zhang et al. analyzed
the coal exothermic reaction process under different oxygen concentrations and carried out
the kinetic calculation of the fitting results [9]. Yuan et al. studied the effect of ventilation
and determined the critical ambient temperature, namely, the minimum temperature for
a coal pile to achieve thermal runaway [10]. Ejlali et al. recognized the shortcomings of
some advanced models of airflow and moisture transport within and around coal piles
and used a local thermal non-equilibrium approach, then compared the numerical results
with the experimental data [11]. Moghtaderi et al. studied the spontaneous combustion
characteristics of typical coal piles and calculated the heat and mass transfer processes [12].

To describe a coal pile, there are two typical perspectives. One is the representative
volume element (RVE) scale, and the other is the pore scale. The RVE scale is suitable to
describe the macroscopic physical phenomena of the spontaneous combustion of a coal
pile, while the details of airflow, heat–mass transfer, and oxidation reaction are invisible.
Zhao et al. proposed an oxygen consumption rate integral and compared the results at
the RVE scale and at the pore scale comprehensively [13]. Wu et al. investigated the
hydraulic–thermal behavior with a computational fluid dynamics model and reported
that the pore scale was advantageous for complex geometries compared with the RVE
scale [14]. In contrast to previous macroscopic (RVE-scale) models and existing LB ap-
plications focused on single or dual physics, the primary innovation of this work lies in
the development of a comprehensive pore-scale lattice Boltzmann framework that fully
couples airflow, heat transfer, mass transfer (oxygen diffusion), and exothermic oxidation
reaction with thermal buoyancy effects under realistic coal pile geometries. This represents,
to our knowledge, the first pore-scale LB study to integrate Arrhenius-type reaction kinetics
with natural convection driven by non-uniform heating in a porous coal matrix. The model
is specifically tailored to unravel the intertwined multi-physics mechanisms governing
spontaneous combustion, providing insights unattainable by continuum-based approaches.
Therefore, pore-scale investigation becomes indispensable for elucidating the fundamental
mechanisms driving spontaneous combustion in coal piles. The spontaneous combustion
of coal piles is complex, involving airflow, heat–mass transfer, and oxidation reaction.
In contrast to prior macroscopic or single-physics LB models, this work presents a fully
coupled pore-scale LB framework for spontaneous combustion of coal piles, incorporating
airflow with buoyancy, heat transfer, oxygen diffusion, and exothermic reaction kinetics.
Firstly, a pore-scale model of the spontaneous combustion of coal piles is described, and the
governing equations are introduced. Next, to understand the interaction between airflow,
heat–mass transfer, and oxidation reaction, the lattice Boltzmann method is utilized, which
is advantageous for treating multi-field coupling compared with traditional numerical
methods. Then, to prove the effectiveness of the present numerical method, method valida-
tion is conducted. Lastly, the effects of inflowing air velocity, inflowing air temperature,
oxygen concentration, and coal particle size are discussed.
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2. Materials and Methods
2.1. Model Description

The spontaneous combustion of coal piles is complex, involving airflow, heat/mass
transfer, and oxidation reaction. Figure 1 shows the competition between airflow, heat–mass
transfer, and oxidation reaction. Due to the non-uniform distribution of temperature, the
temperature field affects airflow through thermal buoyancy. Conversely, airflow affects the
temperature field via convective heat transfer. Meanwhile, airflow affects the concentration
field via convective mass transfer. Besides airflow, the concentration field is affected by the
oxidation reaction through oxygen consumption.

Oxygen Consumption
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Transfer
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Convective Heat
Transfer

Thermal Buoyancy

Temperature Field Air Flow
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Figure 1. Interaction between airflow, heat–mass transfer, and oxidation reaction.

Affected by airflow, heat/mass transfer, and oxidation reaction, the spontaneous com-
bustion of coal piles is complex. To understand the interaction between airflow, heat–mass
transfer, and oxidation reaction, we conducted pore-scale coal spontaneous combustion
research. Figure 2 shows a pore-scale model of the spontaneous combustion of a coal pile.
The air flows through the coal pile from the inlet to the outlet; due to the oxidation reaction,
heat accumulates and oxygen is utilized. This affects the temperature and concentration
fields, which are closely related to the spontaneous combustion of coal piles. Coal particles
are assumed to be circular, with radius r. The dimensionless temperature of a coal particle
is set to T1, which is affected by the oxidation reaction. The left boundary is set to fixed
velocity (u0), temperature (T0), and oxygen concentration (C0), while the right boundary is
set to a constant pressure condition. Coal particles are modeled as circular obstacles with
no-slip velocity boundary conditions, constant temperature T1 at the particle surface, and
zero oxygen flux (impermeable to oxygen).

Inlet Outlet

Coal Particle

Figure 2. Pore -scale model of the spontaneous combustion of a coal pile.
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To describe the spontaneous combustion of a coal pile mathematically, the governing
equations are

∇ · u = 0 (1)

∂u
∂t

+∇ · (u × u) = −∇p + ν∇2u + F (2)

∂T
∂t

+∇ · (uT) = α∇2T (3)

∂C
∂t

+∇ · (uC) = β∇2C (4)

where u is the inflowing air velocity, T is the inflowing air temperature, C is the oxygen
concentration, F is the thermal buoyancy due to a non-uniform temperature distribution, ν

is the air viscosity, α is the temperature diffusivity, and β is the concentration diffusivity.
To conduct pore-scale research, dimensionless numbers are defined, namely,

Pr =
ν

α
= 0.71 (5)

Ra =
γgL3∆T

να
(6)

where Pr is the Prandtl number, describing the relative strength between velocity diffusion
and energy diffusion; Ra is the Rayleigh number, describing the effect of thermal buoyancy;
ν is the air viscosity; α is the temperature diffusivity; γ is the thermal expansion coeffi-
cient; g is the gravity constant; L is the characteristic length; and ∆T is the dimensionless
temperature difference. Pr = 0.71 corresponds to the Prandtl number of air at standard
conditions, a common assumption in similar studies of convective heat transfer in porous
media involving air.

During the spontaneous combustion of a coal pile, the oxidation reaction affects the
temperature and concentration fields directly. To conveniently represent the oxidation
reaction, the Arrhenius equation is adopted [15,16], namely,

k = AC exp
(
− E

RT

)
(7)

where k is the reaction rate, A is the pre-exponential factor, C is the oxygen concentration, E
is the activation energy, R is the universal gas constant, and T is the absolute temperature.
With an increase in inflowing air temperature and oxygen concentration, the oxidation
reaction rate is accelerated. The Arrhenius parameters are chosen based on typical ranges
reported in experimental studies of coal oxidation kinetics and are consistent with values
used in prior modeling works to ensure comparability. The specific values used are
representative of a generic bituminous coal.

The spontaneous combustion of coal piles is affected by numerous factors, including
inflowing air velocity, inflowing air temperature, oxygen concentration, coal particle size,
coal pile humidity, and solar radiation. To conduct pore-scale research, coal pile humidity
and solar radiation are assumed to be constant. Meanwhile, component differences among
coal particles are ignored.

2.2. Lattice Boltzmann Method

To conduct pore-scale research on the spontaneous combustion of coal piles, the lattice
Boltzmann method is utilized. Compared with traditional numerical methods, the lattice
Boltzmann method is advantageous [17–22]. Firstly, the spontaneous combustion of coal
piles is complex, involving airflow, heat–mass transfer, and oxidation reaction. Rather than
simply solving the physical equations, the lattice Boltzmann method traces the evolution of
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microscopic distribution functions, which is advantageous for treating multi-field coupling
compared with traditional numerical methods. Meanwhile, to conduct pore-scale research,
the boundary treatment is critical. Generally, the geometric shape of coal particles is
irregular, and the arrangement of coal particles is non-uniform, making the boundary
treatment challenging. Due to the microscopic properties of the distribution functions,
using the lattice Boltzmann model to treat complex boundaries is more convenient than
traditional numerical methods. Therefore, the lattice Boltzmann method is utilized to
conduct pore-scale research on the spontaneous combustion of coal piles.

To couple airflow and heat–mass transfer, the multi-distribution-function lattice Boltz-
mann model is adopted, and the evolution equations of the distribution functions are

fi(x + ciδt, t + δt) = fi(x, t)− 1
τf

( fi − f ∗i ) + δtFi (8)

gi(x + ciδt, t + δt) = gi(x, t)− 1
τg

(gi − g∗i ) (9)

hi(x + ciδt, t + δt) = hi(x, t)− 1
τh
(hi − h∗i ) (10)

where fi(x, t) is the distribution function representing airflow; gi(x, t) is the distribution
function representing heat transfer between the air and a coal particle; hi(x, t) is the distri-
bution function representing the mass transfer between the air and a coal particle; f ∗i , g∗i ,
and h∗i are the corresponding distribution functions at the equilibrium state; τf , τg, and τh

are the corresponding dimensionless relaxation times; and Fi is the discrete forcing term.
The D2Q9 model is utilized, where the number of dimensions is 2 and the discrete velocity
is 9, and the distribution functions in the equilibrium state are

f ∗i (ρ, u) = ωiρ

[
1 +

ci · u
c2

s
+

(ci · u)2

2c4
s

− u · u
2c2

s

]
(11)

g∗i (T, u) = ωiT
[

1 +
ci · u

c2
s

+
(ci · u)2

2c4
s

− u · u
2c2

s

]
(12)

h∗i (C, u) = ωiC
[

1 +
ci · u

c2
s

+
(ci · u)2

2c4
s

− u · u
2c2

s

]
(13)

where

ωi =


4/9, i = 0

1/9, i = 1, 2, 3, 4

1/36, i = 5, 6, 7, 8

(14)

is the weight coefficient of the D2Q9 model.
To reflect the effect of thermal buoyancy, the Boussinesq assumption is adopted [23,24], namely,

ρ = ρ0[1 − γ(T − T0)] (15)

where ρ0 is the air density at temperature T0, and γ is the expansion coefficient due to the
thermal effect. The unit air gravity is

G = ρg = ρ0[1 − γ(T − T0)]g = ρ0g − ρ0γ(T − T0)g (16)

where ρ0g is the unit air gravity at the temperature T0, while

F = −ρ0γ(T − T0)g (17)
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is the thermal buoyancy due to a non-uniform temperature distribution. To add thermal
buoyancy to the evolution equations of the distribution functions, the discrete thermal
buoyancy is

Fi = ωi

(
ci − u

c2
s

+
ci · u

c4
s

ci

)
· F (18)

In the lattice Boltzmann method, the evolution of the microscopic distribution func-
tions is traced, and the macroscopic physical quantities are constructed by

ρ = ∑
i

fi (19)

u =
1
ρ

(
∑

i
ci fi +

δt
2

F

)
(20)

T = ∑
i

gi (21)

C = ∑
i

hi (22)

where ρ is the air density, u is the air velocity, T is the air temperature, and C is the oxygen
concentration. Meanwhile, the macroscopic physical properties are determined by the
dimensionless relaxation times, namely,

ν = c2
s (τf − 0.5)δt (23)

α = c2
s (τg − 0.5)δt (24)

β = c2
s (τh − 0.5)δt (25)

where ν is the kinematic viscosity, α is the temperature diffusivity, β is the concentration
diffusivity, cs is the sound speed of the D2Q9 model, and δt is the time step.

2.3. Method Validation

To validate the numerical method, a cold coal particle settling in a vertical channel is
reproduced [25–30]. The particle diameter is D = 25δx, and the vertical channel has the
size W = 4D and H = 320D, where δx is the lattice spacing. The density of the particle
is slightly higher than the fluid, namely, the density ratio is set to ρr = 1.0023, and the
steady Reynolds number Re = DU/ν is set to 40.5, where U =

√
π(D/2)(ρr − 1)g is the

reference settling velocity and g is the gravitational acceleration. The particle is cold, with
a temperature set to T1 = 0, while the fluid is hot, with a temperature set to T0 = 1. The
density ratio and Reynolds number are selected to match the benchmark studies for direct
comparison, ensuring that the validation is consistent with the established literature. For
the validation benchmark, temperatures are normalized. The fluid temperature is set to
T0 = 1 (reference hot state) and the particle temperature to T1 = 0 (reference cold state),
defining the dimensionless temperature difference ∆T = T0 − T1 = 1.

It is reported that the motion of the particle is divided into four stages with an increase
in Gr, namely, settling along the centerline, oscillating along the centerline, settling offset
from the centerline, and settling along the centerline, where Gr = γgD3∆T/ν2 is the Grashof
number, ∆T = T0 − T1 is the temperature difference between the fluid and particle, and ν is
the kinematic viscosity. Table 1 lists the equilibrium positions of a particle when Gr = 1000
and 2000. It is reported that the particle is settling offset from the centerline of the vertical
channel when Gr is in the range [1000, 2000]; the present research is consistent with the
previous studies. Quantitatively, the equilibrium positions of the particle are close to
those described in the previous studies, proving the effectiveness of the present numerical
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method. The successful reproduction of the particle’s equilibrium positions under the
influence of combined forced and thermal convection validates the present LB model’s
accuracy in handling fluid–solid interaction, momentum–thermal coupling (via Boussinesq
buoyancy), and complex moving boundaries. These capabilities are directly transferable
and essential for simulating the pore-scale problem of spontaneous combustion of coal piles,
where airflow around irregular coal particles, buoyancy-driven flow due to non-uniform
heating, and conjugate heat/mass transfer between solid and fluid phases are all critical
phenomena. Therefore, this validation substantiates the model’s suitability for subsequent
multi-physics simulations.

Table 1. Equilibrium positions of a particle when Gr = 1000 and 2000.

Gr Present Yang et al. [25] Kang et al. [27] Yu et al. [29]

1000 2.91 2.89 2.90 2.89
2000 2.76 2.74 2.73 2.79

3. Results
The spontaneous combustion of coal piles is complex, affected by airflow, heat–mass

transfer, and oxidation reaction. To conduct pore-scale research, the effects of inflowing
air velocity, inflowing air temperature, oxygen concentration, and coal particle size are
investigated. In the following simulations, the physical units are normalized. The reference
temperature is the ambient temperature, the reference velocity is the speed of sound, the
reference concentration is the oxygen concentration in the air, and the reference length
is the grid spacing. According to these reference values, the dimensionless inflowing air
velocity is

u0 =
u∗

0
us

, (26)

the dimensionless maximum temperature is

Tmax =
T∗

max
Te

, (27)

the dimensionless inflowing air temperature is

T0 =
T∗

0
Te

, (28)

and the dimensionless oxygen concentration is

C0 =
C∗

0
Ca

, (29)

where u∗
0 is the actual inflowing air velocity, T∗

max is the actual maximum temperature, T∗
0 is

the actual inflowing air temperature, C∗
0 is the actual oxygen concentration, us is the speed

of sound, Te is the ambient temperature, Ca is the oxygen concentration of the air.

3.1. Inflowing Air Velocity

Firstly, the effect of the inflowing air velocity is investigated. To conduct pore-scale
research, the width and height of the computational domain are set to W = 256δx and
H = 128δx, respectively, and the dimensionless temperature of a coal particle is set to
T1 = 0.5. To understand the effect of inflowing air velocity, the inflowing air temperature
is set to T0 = 1, and the oxygen concentration is set to C0 = 1. Figure 3 shows the
maximum temperature and steady temperature of a coal pile under different inflowing air
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velocities. Simulation results reveal a monotonic decline in both the peak and steady-state
temperatures of a coal pile with increasing inflowing air velocity. This is attributed to
enhanced convective cooling, which more effectively dissipates the heat generated by
oxidation before it can accumulate locally. The temperature distribution of a coal pile is
determined by both airflow and oxidation reaction. When the inflowing air velocity is small,
the convective heat transfer is weak; due to the oxidation reaction, heat is generated and
accumulates, and the maximum temperature and steady temperature of the coal pile are
high. With an increase in inflowing air velocity, convective heat transfer becomes stronger,
the heat from the oxidation reaction is transported by the airflow in a timely manner, and
the maximum temperature and steady temperature of the coal pile decrease monotonically.
The competition between reaction heat generation and convective cooling is obvious; the
monotonic decrease in temperature is due to the increasing Peclet number and its effect on
the thermal boundary layer.
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Figure 3. Maximum temperature and steady temperature of a coal pile under different inflowing air
velocities.

Figure 4 shows velocity fields when the inflowing air velocities are 0.01 and 0.05. With
an increase in inflowing air velocity, airflow becomes stronger. Furthermore, Figure 5 shows
temperature fields when the inflowing air velocities are 0.01 and 0.05. With an increase
in convective heat transfer, heat generated by the oxidation reaction is transported by the
airflow in a timely manner, and the temperature distribution becomes more uniform.

(a) Inflowing air velocity = 0.01.

Figure 4. Cont.
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(b) Inflowing air velocity = 0.05.

Figure 4. Velocity fields when the inflowing air velocities are 0.01 and 0.05.

(a) Inflowing air velocity = 0.01.

(b) Inflowing air velocity = 0.05.

Figure 5. Temperature fields when the inflowing air velocities are 0.01 and 0.05.

3.2. Inflowing Air Temperature

Besides the inflowing air velocity, the spontaneous combustion of coal piles is signif-
icantly affected by the inflowing air temperature. The inflowing air temperature affects
airflow and the oxidation reaction. With an increase in temperature, the rate of the oxidation
reaction accelerates, and more heat is generated. To understand the effect of inflowing air
temperature, the inflowing air velocity is set to u0 = 0.05 and the oxygen concentration is
set to C0 = 1. Figure 6 shows the maximum temperature and steady temperature of a coal
pile under different inflowing air temperatures. With an increase in inflowing air tempera-
ture, the maximum temperature and steady temperature of the coal pile increase. There is a
critical inflowing air temperature; when the inflowing air temperature is less than 1.25, the
maximum temperature increases slowly, while the maximum temperature increases rapidly
when the inflowing air temperature is greater than 1.25. The temperature distribution
inside a coal pile is affected by airflow and oxidation reaction. When the inflowing air tem-
perature is low, the oxidation reaction is suppressed; therefore, the maximum temperature
of the coal pile is relatively low. Once the inflowing air temperature exceeds the critical
temperature, the oxidation reaction accelerates significantly and becomes dominant over
the convective heat transfer, and the maximum temperature increases rapidly. Due to the
nonlinear, exponential nature of the Arrhenius law, once the air temperature is beyond a
critical point, a small change can lead to rapid thermal runaway.
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Figure 6. Maximum temperature and steady temperature of a coal pile under different inflowing
air temperatures.

Furthermore, Figure 7 shows temperature fields when inflowing air temperatures
are 1.1 and 1.3. With increasing inflowing air temperature, according to the Arrhenius
equation, the oxidation reaction rate is accelerated. Compared with the inflowing air
temperature T0 = 1.1, the temperature around the coal particles is obviously higher when
the inflowing air temperature is 1.3, which is related to the intensified heat generation due
to the oxidation reaction.

(a) Inflowing air temperature=1.1.

(b) Inflowing air temperature=1.3.

Figure 7. Temperature fields when the inflowing air temperatures are 1.1 and 1.3.
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3.3. Oxygen Concentration

By generating heat and consuming oxygen, the oxidation reaction directly affects
temperature and concentration fields. Referring to the Arrhenius equation, the oxidation
reaction rate is closely related to oxygen concentration. Therefore, the effect of oxygen con-
centration is understood. Where the inflowing air velocity is set to u0 = 0.05, the inflowing
air temperature is set to T0 = 1. Figure 8 shows the maximum temperature and steady
temperature of a coal pile under different oxygen concentrations. Similar to inflowing air
temperature, there is a critical oxygen concentration: at low oxygen concentrations of less
than 0.8, the oxidation reaction rate is small, close to 0; therefore, the highest temperature
of a coal pile is insensitive to oxygen concentration. Once the oxygen concentration exceeds
the critical concentration, reflecting the transition from diffusion-limited to reaction-limited
oxidation, the oxidation reaction rate increases monotonically and heat is generated and
accumulates, leading to the rapid increase in the highest temperature of a coal pile.
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Figure 8. Maximum temperature and steady temperature of a coal pile under different oxygen concentrations.

Furthermore, Figure 9 shows the temperature fields when the oxygen concentration
is 0.7 and 0.9. When oxygen concentration is low, the oxidation reaction is weak and
the heat generated can be neglected; therefore, the highest temperature of a coal pile is
close to the inflowing air temperature. Once the oxygen concentration exceeds the critical
concentration, the oxidation reaction accelerates and heat is generated continuously; as a
result, the temperature around coal particles increases rapidly.

3.4. Coal Particle Size

The spontaneous combustion of coal piles is complex. Besides inflowing air velocity,
inflowing air temperature, and oxygen concentration, the effect of coal particle size is
investigated. To represent the influence of coal particle size, the porosity of a coal pile is set
to 0.9, the inflowing air velocity is u0 = 0.05, the inflowing air temperature is T0 = 1, the
oxygen concentration is C0 = 1. Figure 10 shows the maximum temperature and steady
temperature of a coal pile when coal particle sizes are different. The maximum temperature
is obviously influenced by coal particle size; with an increase in coal particle size, maximum
temperature decreases. When the porosity of the coal pile is the same, smaller coal particle
sizes correspond to a larger oxidation reactive area and greater heat generation; therefore,
the maximum temperature is higher. In contrast to the maximum temperature, the steady
temperature is insensitive to coal particle size. For small coal particle sizes, the steady
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temperature is less than the maximum temperature, while for larger coal particle sizes, the
steady temperature is greater than the maximum temperature. The steady temperature
of the coal pile is affected by the environmental factors, including inflowing air velocity,
inflowing air temperature, and oxygen concentration. Under the same environmental
factors, the steady temperature is not affected by coal particle size. The reduced particle
size increases specific surface area (reactive area) while simultaneously decreasing pore
throat sizes, which impedes convective cooling; this dual effect explains the strong impact
on peak temperature but not on steady-state temperature.

(a) Oxygen concentration = 0.7.

(b) Oxygen concentration = 0.9.

Figure 9. Temperature fields when the oxygen concentration is 0.7 and 0.9.

4 6 8 10

1

1.1

1.2
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1

1.1
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1.3

Figure 10. Maximum temperature and steady temperature of the coal pile when the coal particle
sizes are different.
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Figure 11 shows the temperature distribution around coal particles when coal particle
sizes are different. Under the same porosity, with a decrease in coal particle size, the coal
particle number increases; therefore, the oxidation reactive area increases. Meanwhile,
the smaller the coal particle, the narrower the channel between the adjacent coal particles,
which is not conducive to convective heat transfer; consequently, the maximum temperature
is higher.

(a) Coal particle size = 4.

(b) Coal particle size = 8.

Figure 11. Temperature distribution around coal particles when coal particle sizes are different.

4. Discussion
The present model has some limitations. Firstly, to simplify the present study, coal

particle composition is assumed to be constant. However, the real coal particle composition
may be quite different, which affects the oxidation reaction and heat–mass transfer directly.
Secondly, to save computational costs, a 2D simulation is conducted. Though the 2D
result is similar to the 3D case, the 2D simplification may affect three-dimensional natural
convection patterns. In the next stage, conducting a 3D simulation of coal spontaneous
combustion is necessary. In addition, in the present study, we use a simplified Arrhenius
kinetics model without intermediate reaction products. In fact, the oxidation reaction
of coal particles is quite complex, and the intermediate reaction products can affect the
oxidation process significantly. However, describing the intermediate reaction process
accurately is challenging. In the future, it would be valuable to incorporate detailed reaction
mechanisms to understand coal spontaneous combustion.

The aim of the present study is to establish a pore-scale modeling framework and
investigate parametric trends. We agree that a comparison with experimental data sig-
nificantly strengthens validation. Our key findings, including the trend of decreasing
maximum temperature with increasing air velocity and the existence of a critical temper-
ature/oxygen concentration, are consistent with qualitative or semi-quantitative trends
reported in the experimental literature on coal pile self-heating [5,6,9,10]. Furthermore, to
compare simulation results with experimental results, we will conduct a 3D simulation of
coal spontaneous combustion. By using the same parameters, we can compare simulation
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results with experimental results, which will be persuasive in proving the effectiveness of
the present model.

5. Conclusions
Pore-scale research on the spontaneous combustion of coal piles utilizing the lattice

Boltzmann method is conducted. The spontaneous combustion of coal piles is complex,
involving airflow, heat–mass transfer, and oxidation reaction. To deepen the understanding
of the spontaneous combustion of coal piles, the effects of inflowing air velocity, inflowing
air temperature, oxygen concentration, and coal particle size are investigated, and the
following conclusions are drawn:

(1) Pore-scale analysis confirms that higher inflowing air velocities intensify convective
heat transfer, leading to a significant reduction in the equilibrium temperature of a coal
pile, thereby mitigating the risk of thermal runaway.

(2) The effect of inflowing air temperature is significant: with an increase in inflowing
air temperature, the oxidation reaction rate accelerates and the maximum temperature and
steady temperature of the coal pile increase.

(3) There is a critical oxygen concentration. When the oxygen concentration is low, the
oxidation reaction is suppressed, but once the oxygen concentration exceeds the critical
concentration, the oxidation reaction accelerates and the maximum temperature and steady
temperature increase.

(4) Under the same environmental factors, the smaller the coal particle size, the greater
the oxidation reactive area and the higher the maximum temperature of the coal pile.

By conducting pore-scale research, the underlying mechanisms of the spontaneous
combustion of coal piles are explored, which is helpful in improving the safety of coal
production and transportation. Through the present study, the findings suggest that
controlling inlet airflow and monitoring oxygen concentration near critical thresholds can
mitigate spontaneous combustion. Smaller coal particles require closer thermal monitoring
due to higher peak temperatures.
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