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The issue of coal spontaneous combustion greatly threatens the production safety
of coal mining, storage, and transportation. It is significant to study oxygen ad-
sorption understand the mechanism of coal spontaneous combustion. In this paper,
based on the fractal dimension of coal and the self-similar fractal geometry, the
internal pore structure of coal is modeled. Then, the lattice Boltzmann method is
employed to conduct the numerical simulation of oxygen adsorption in coal. Com-
pared with the existing experimental data and numerical simulation, the lattice
Boltzmann method is verified to be correct. The numerical results indicate that
in the process of oxygen adsorption in coal, the preferential flow occurs when the
large pores connect to the channel. In the meantime, the large diffusion coefficient
leads to an early time for adsorption equilibrium. The oxygen adsorption increases
with an increased adsorption rate constant. Pore structure plays a significant role
in the adsorption behavior of oxygen in coal. The results can provide theoretical
support for reducing coal spontaneous combustion and ensuring coal mine safety
in production.
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Introduction

The study of coal spontaneous combustion began in the 17" century and has been
extensively studied over the years, with studies resulting in pyrite induction theory, bacteria in-
duction theory, phenol-based induction theory, coal-oxygen composite theory, and so on being
the most prominent. Among them, the coal-oxygen composite theory is generally accepted by
most academics [1]. According to this theory, the main reason for coal spontaneous combustion
is the complex pore structure of coal as a complex porous medium, which has a relatively strong
adsorption ability for oxygen [2]. Therefore, the process of oxidative spontaneous combustion
reaction that occurs during the contact between coal and oxygen is mainly the repetition of
physical adsorption, chemical adsorption, and chemical reaction, in which the stage of physical
adsorption of oxygen in coal is the beginning of the reaction between coal and oxygen [3].

To study the oxygen adsorption characteristics of coal, the pore structure distribution
in coal must be obtained first. At present, experimental methods and numerical construction
methods are generally used. The experimental method is to obtain real geometric images di-
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rectly by scanning technology. The experimental method mainly included X-ray computed to-
mography [4], magnetic resonance imaging [5], SEM [6], and synchrotron microtomography
[7]. The numerical construction method simulates the formation process of pore and fracture
micro-structure using mathematical and physical equations and existing computer technology.
Some popular methods include Monte-Carlo processes [8], discrete element method [9], and
quartet structure generation set method [10]. Traditional construction models are commonly
based on simple physical and geometric assumptions and therefore, are incapable of reveal-
ing the complex characteristics of pores and cracks. However, porous media shows statistical
self-similar fractal characteristics, and the fractal theory can effectively describe the distribu-
tion characteristics of complex pore structures in porous media [11]. The pore structure of coal
micropores accords with fractal theory. As a result, Lv et al. [12] combined self-similar fractal
geometry with the fractal dimension of coal to explore the phenomenon of gas adsorption in
coal.

At the same time, much effort has been devoted to using CFD methods to evaluate
the gas-solid adsorption process inside the porous media [13]. Compared with the traditional
hydrodynamics methods, the lattice Boltzmann method (LBM), which has developed rapidly
in recent years, has unique advantages in dealing with complex boundaries in porous media,
so it has been widely used in the simulation of the transmission process in porous media [14].
Zhou et al. [15] proved that LBM can be used in the gas-solid adsorption process in randomly
constructed porous media. Wang et al. [16] used LBM to simulate the adsorption of mixed
gases, and Lei et al. [17] constructed porous media with inhomogeneous porosity for adsorption
simulation. More importantly, as LBM and other simulation methods applying to complex
boundaries are used, a large number of fluid and pore structure wall nodes in the porous medium
can be processed more effectively [18]. Many scholars have considered utilizing fractal theory
to construct porous media and combining LBM to carry out the numerical simulation. The flow
characteristics in the fractal structure are consistent with the theoretical results [19].

Despite various efforts that have been made to reveal the behavior of gas in porous
media, it is still essential to construct porous structures based on fractal dimension study the
flow and adsorption of gas on pore-scale. In addition, more research is needed on the dynamic
adsorption performance. Especially, it is currently unknown how the characteristics of pore
structure affect the adsorption behavior. Therefore, the pore structure of coal is modeled based
on fractal dimension and self-similar Sierpinski carpet model. The LBM is used to simulate the
process of oxygen adsorption in coal on the pore-scale, and the dynamic adsorption performance
of oxygen adsorption in coal is comprehensively analyzed. The results can provide a reference
for the mechanism research of coal spontaneous combustion and coal mine fire prevention.

The self-similar Sierpinski carpet model

As a porous medium, coal has a complicated pore structure. The traditional Euclidean
geometry theory has limitations in describing pore structure. Researchers discovered that coal
has self-similar characteristics, and its pore structure can be quantitatively characterized by
the fractal model. The self-similar Sierpinski carpet model was adopted to simulate the micro-
structure of coal porous media [12]. Figure 1 shows two types of Sierpinski carpet models, first-
order, fig. 1(a), and second-order, fig. 1(b). The first-order carpet model can be constructed by
cutting the center of the square. The second-order carpet model can be obtained by translating
and expanding the first-order carpet model. Black and white represent coal solids and pores in
coal media, respectively.
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Figure 1. Sierpinski carpet model and regional division;
(a) first-order Sierpinski carpet model and (b) second-order Sierpinski carpet model

This equation can be used to calculate the Sierpinski carpet model’s fractal dimension,
Dy, and porosity, ¢:
In(L; -C?
p, -2lb ) (M
In(L,)

EZ(L%)_COZJ (2)

The order of the Sierpinski carpet model is indicated by the positive number n, C; is
the cutting size, and L, is the side length. The experimental results [12] indicate that coal has
a fractal dimension in two dimensions that ranges from 1.0-2.0. Equation (1) shows that by
varying the cutting size C, or side length L,, the self-similar Sierpinski carpet model with varied
fractal dimensions will be created. By referring to the different cutting sizes C, and side lengths
L, of the self-similar Sierpinski carpet constructed by the aforementioned work, the self-similar
Sierpinski carpet model with different fractal dimensions is modeled as shown in tab. 1. Figure
2 shows the first-order Sierpinski carpet model with Cy/L, of 3/13, 5/13, 7/13, and 9/13.

Simulation method and model verification
Mathematical equation for adsorption process
The mass transfer of simulated coal adsorbed oxygen includes adsorbent pore, adsor-
bent surface, and adsorbent interior. The governing equation between adsorbent pores:
oc, oc ac_ (@ @c J

—tU—+v—r= D,
ot ox 8)1 6x2 ayz

where C is the gas phase concentration on the adsorbent surface and D; — the diffusion coeffi-
cient of adsorbate in adsorbent pores. The adsorption behavior usually occurs on the surface of
the adsorbent when the adsorbate contacts the adsorbent. The Langmuir adsorption kinetics was
employed to explain the surface mass transfer of adsorbents, which is shown:
p o€ _aN
on Ot

A3)

=kC(N, —N)-k N (4)
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where #n is the normal direction of the boundary, &, and &, are the adsorption and desorption
rate constants of oxygen, N, — the saturated adsorption amount when the adsorption reaches
equilibrium, and N — the adsorption amount.

When the adsorbate is captured by the adsorbent surface, it continues to diffuse inside
the adsorbent. For the adsorbent with internal diffusion, the homogeneous solid diffusion model
is adopted to deal with mass transfer:

oN O’N °N

— =Dy 5t ©)
ot ox~ Oy

where Dy, is the diffusion coefficient within the adsorbent.

Table 1. The parameters of the self-similar
Sierpinski carpet models (L, =26 nm)

Model name Cy/Ly Dy @ n
S1 3/13 1.979 0.946 1
S2 3/13 1.979 0.896 2
S3 5/13 1.938 0.852 1
S4 5/13 1.938 0.726 2
S5 7/13 1.866 0.710 1
S6 7/13 1.866 0.504 2
S7 9/13 1.746 0.521 1
S8 9/13 1.746 0.271 2
S9 1/3 1.893 0.889 1
S10 1/3 1.893 0.790 2
S11 1/3 1.893 0.702 3
S12 1/5 1.975 0.960 1
S13 1/5 1.975 0.922 2
S14 1/5 1.975 0.855 3
S15 3/5 1.723 0.640 1
S16 1/7 1.989 0.980 1
S17 3/7 1.896 0.816 1
S19 1/9 1.994 0.988 1
S20 5/9 1.832 0.691 1

O T T T T R L T T

Figure 2. The second-order of self-similar Sierpinski carpet models with C/L, of 3/13 (a),
5/13 (b), 7/13 (c), and 9/13 (d)

The lattice Boltzmann method

Zhou et al. [15] simulated fluid-flow and adsorption behavior at the pore-scale by
improving and optimizing the LBM method. Along this line, the multiple relaxation time mod-
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el with the D2Q9 scheme is applied to simulate the flow. The evolution equation that includes
collision and flow steps:

£ (1 +Ate 4 A1) = f (5,6) =—MI (8] i () - (r,1) | (6)

where r; is the particle position, Az — the time step, and e; is the discrete velocity direction,
f— the column vector, including nine velocity distribution functions, [M] is a 9x9 matrix, and
the velocity distribution function f'is transformed into the velocity moments m by the linear
mapping:
m=[M]xf or f=[M]"'xm (7)

_ Pierre and Luo [20] contains the format of matrix [M] and equilibrium moments m®.
The [S] is the nine-order diagonal collision matrix of relaxation rate, expressed in compact
representation:

[é]=diag(l.O,l.1,1.1,1.0,82—S",SV,SVJ ®)
s,
where v is kinetic viscosity and s, = 2/(1 + 6v).

The convection effect only occurs between the pores of adsorbate and is disregarded
within adsorbate. The adsorption reaction process takes place when the adsorbate comes into
contact with the adsorbent, rather than between the pores of the adsorbent. As a result, it is
assumed that the transportation of adsorbate between pores does not affect local velocity. The
mass transfer in the adsorbent is completed by-passive scalar concentration. Hence, using the

passive scalar characteristic, the mass transfer adopts the single relaxation time model with the
D2Q5 scheme, which is described:

1
gi (r+Ate, 1+ At)— g, (r,t)= —T—[gi (r,1)—gf (r,t)] )
S
where g; is the concentration distribution function and 7, is the relaxation time. The equilibrium
distribution function g9 is denoted:
eu

gfq("sf)ZCswi[H—z] (10)
CS

where ; is the weight coefficient and ¢ is the sound speed. For the D2Q5 model, w, = 1/3,
w14=1/6. The mass diffusion coefficient D, and the gas concentration C; are obtained:

D, =c](z,—0.5)At (11)

G :Zgi (12)

For the numerical simulation of coal oxygen adsorption, the treatment of its bound-
ary conditions plays a crucial role. Guo et al. [21] proposed the non-equilibrium extrapolation
method, which is suitable for the hydrodynamic boundary conditions of channel domain bound-
aries and fluid-solid surfaces. The concentration distribution function is obtained:

Cp— Z 8i |@;
i(e;n<0) (13)
w:

1
i(e;n<0)

gi(e,-n>0) =
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The critical issue is determining the boundary concentration, C,. The entrance C, is
known. For the condition of concentration flux, the exact three-point finite-difference scheme is
presented, and the concentration gradient is introduced:

oC, 3C,—=4C 1oy +C(jnra) (14)
on 2An

The upper wall and the bottom wall of the outlet, 0C/On are zero under the condition
of no concentration flux. At the contact surface between adsorbent and adsorbate, the Langmuir
kinetic adsorption reaction in eq. (5) is combined with eq. (15) to solve C,,.

The overall adsorptive capacity indicators of the dynamic adsorption process can be
explained by calculating the average adsorption amount of all the calculated points on the
adsorbent in the transient state. The average value of the adsorption amount N, is calculated:

~ ZZN )
N(t) o T (15)

2.2

where N, denotes the amount of adsorption at the calculated point (7, j) at time ¢.

Verification of grid resolution

Considering that the grid size has a direct impact on the error of numerical simulation,
it is necessary to carry out a sensitivity analysis on the grid size. Four alternative grids types
are selected: N,xN, = 178x178, 338%338, 498x498, and 658%658, which correspond to the figs.
3(a)-3(d) in the current research, to ensure that the numerical results obtained are independent
of the grid size. See fig. 3 for the velocity contours in four cases. Obviously, once the number
of grids increases to 498 X498, as in fig. 3(c), there is essentially little difference between
the velocity contour and fig. 3(d). Figure 4 shows the comparison of the velocity distribution
along the y-axis of the center line of the calculation area. With the expansion of grid size, the
velocity distribution near the middle declined steadily into a curve. In addition, the maximum
flow rates under the four cases are 0.008373 m/s, 0.010877 m/s, 0.012550 m/s, and 0.012704
m/s, respectively. The relative difference among cases gradually decreased from 23.02-1.21%.
Therefore, the analysis proves that the grid size of N,xNy = 498x498 is the most practical to
ensure numerical accuracy.

Verification of the lattice Boltzmann model

To verify the LBM model, the self-similar Sierpinski carpet model S10 in tab. 1 is
adopted to the numerical simulation. According to the analysis of grid resolution, the grid size is
N XN, =498%498. The inlet speed is 0.589 m/s, and the inlet gas concentration is 44.66 mol/m>.
Coal has a density of 1400 kg/m?, while oxygen has a density of 1.429 kg/m*. On the upper and
bottom walls of the outlets, a zero-concentration flux condition is applied. The results of LBM
simulation are compared with the experimental data of oxygen adsorption in coal [21] and the
result is shown in fig. 5. The simulation findings follow the same trend as the experimental data,
demonstrating the suitability of the model in this work for the measured data. As a result, there
was enough trust in the comparison and verification apply the LBM to simulate the adsorption
of gas in porous media. The simulated adsorption amount is marginally larger than the metrical
results, which may be due to the fact that the unconnected pores are not taken into account in
the current numerical simulation.



Li, Z., et al.: Lattice Boltzmann Simulation of Dynamic Oxygen Adsorption ...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 4A, pp. 2789-2800 2795

Velocity
[ms]
0.013
0.012
0.011
0.01
0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0

300
200

100

100 200 300 400 500 600

0 100 200 300 400 %
(@ (d)

Figure 3. Velocity contour at four different grids types case;
(a) N.xN, = 178%178, (b) N.xN, = 338x338, (c) V. XN, = 498x498, and
(d) N, xN, = 658x658
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computational domain along the y-axis for
the four cases with different grid numbers

Results and discussion
Dominant channel

The coal pore structure S4 in tab. 1 is applied to the numerical simulation of oxy-
gen adsorption. Figure 6 shows the distribution of transient oxygen flow rate at 0.0255 ps.
It can be seen that there are dominant channels for oxygen in coal during oxygen adsorption
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Figure 6. Distribution of transient oxygen flow rate at 0.0255 ps

process, and oxygen flows preferentially along the channels formed by the pores with good
connectivity. However, not all large pores in coal can be the dominant channel. Oxygen flow
rate and adsorption amount are small around the closed or poorly connected pores. In the pro-
cess of oxygen adsorption in coal, the dominant channel is formed in the connections of large
pores, and the oxygen flow rate in the dominant channel is much higher than in the other parts.
In the equilibrium of adsorption, the adsorption amount in the wall of the dominant channel
(Case 1) is 0.72 g/cm?®, which is larger than the adsorption amount in the wall of the unconnect-
ed pores beyond the dominant channel (Case 2), which is 0.50 g/cm’.

Diffusion coefficient

In order to explore the influence of diffusion coefficient on coal oxygen adsorption,
the coal pore structures S3, S5, S12, S16, and S20 in tab. 1 are selected. Figure 7 takes the S5 as
an example, showing the relationship between different diffusion coefficients, D;, and average
adsorption amount. It can be seen that the maximum adsorption velocity of oxygen in coal appears
when the diffusion coefficient is 0.833. It takes the least time for adsorption reach equilibrium
at this point, which is 0.062 ps. The larger the diffusion coefficient, the less time it takes for
adsorption reach equilibrium. However, the average value of oxygen saturation adsorption of
coal is almost constant with the changing of diffusion coefficient. Figure 8 shows the relationship
between diffusion coefficient and adsorption rate at 0.055 ps under different porosity. With the
progress of the adsorption, the adsorption rate of oxygen adsorbed by coal with different diffusion
coefficients is different at the same time. The larger the diffusion coefficient, the bigger the adsorp-
tion velocity and the higher the adsorption rate. The adsorption rate rises as porosity increases.
These phenomena are since during the process of coal oxygen adsorption, the mass transfer within
pores mainly depends on the convection and diffusion in the fluid domain, and the mass transfer
within particles mainly depends on the diffusion coefficient of gas within the coal, among which
the diffusion within particles plays a leading role in the mass transfer process. The larger the dif-
fusion coefficient, the faster the adsorption reaches equilibrium.

Adsorption rate constant

The adsorption rate constant indicates significant effect on the oxygen adsorption in
coal. The coal pore structures are S3, S5, S12, S16, and S20 in tab. 1. Figure 9 takes the S5 as
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an example, showing the relationship between adsorption rate constant and average adsorption
amount. The average of the saturation adsorption of oxygen is the largest when the adsorption
rate constant, &, is 0.005. The larger the adsorption rate constant, the larger the adsorption
amount at adsorption equilibrium. However, the change of the adsorption rate constant has
little effect on the time to reach the adsorption equilibrium. That is because the adsorption rate
constant is a significant parameter that affects the adsorption efficiency and adsorption ability
of the adsorption reaction on the medium surface. A higher adsorption rate constant can make
the adsorption intensity of coal higher, and the adsorption occurs evenly. At the same time,
more oxygen is adsorbed by the coal, and when the adsorption equilibrium is finally reached,
the saturation adsorption amount becomes larger. Figure 10 shows the relationship between ad-
sorption rate constant and the saturation adsorption at different porosites. As can be seen from
fig. 10, the saturation adsorptions of different adsorption rate constants are different, showing
a monotonically increasing trend. With the increase of porosity, the average value of saturated
adsorption amount also shows an upward trend.
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Pore structure

There has been a long concern about how pore structure affects adsorption behavior in
porous media. As show in fig. 11, the adsorption amount of oxygen in equilibrium rises with the
fractal dimension. The fractal dimension of coal reflects the intrinsic nature of the surface and
pore structure of coal. Because the pore structure of coal with large fractal dimensions is com-
plex, it has a large amount of adsorption. However, when D, = 1.746 and D, = 1.893, the average
adsorption amount is obviously larger than that of adjacent fractal dimensions. The D, = 1.746
and its adjacent fractal dimensions D, = 1.723 and D, = 1.832 are divided into group D1, and
D; =1.893 and its adjacent fractal dimensions D, = 1.866 and D, = 1.896 are divided into group
D2. Figure 12 is obtained by comparing the relationship between the specific surface area and
the average adsorption amount of different fractal dimension models. The figure demonstrates
that the relationship between the adsorption amount and the specific surface area is positive lin-
ear. This is due to that given the same porosity condition, the coal with a larger specific surface
area will form a larger adsorption wall, increasing the contact area between oxygen and coal
pores. Pore structure plays a significant role in coal adsorption. Among them, fractal dimension
and specific surface area are crucial elements that have an impact on the adsorption behavior.
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Conclusions

Combining the fractal dimension of coal with self-similar Sierpinski carpet model,
the structural model of coal pores is modeled. Based on the pore-scale, the LBM is used to
simulate the process of coal adsorption of oxygen. The effects of oxygen flow dominant chan-
nel, diffusion coefficient, adsorption rate constant, and pore structure of coal on the dynamic
process of coal oxygen adsorption are analyzed and discussed, and the following conclusions
are as follows.
® Inthe process of oxygen adsorption in coal, oxygen forms a preferential flow in the connect-
ing channel with large pores of coal, and the flow rate of oxygen in the channels far exceeds
that of other parts, and the saturated adsorption amount is larger when the adsorption equi-
librium is reached.

e The diffusion coefficient controls the spread range of oxygen diffusion, which has a great in-
fluence on oxygen concentration distribution. The larger the diffusion coefficient, the higher
the adsorption velocity and the shorter the time required for adsorption reach equilibrium.
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However, the change of diffusion coefficient has little effect on the saturated adsorption
amount when adsorption reaches equilibrium.

The adsorption rate constant determines the adsorption strength of coal. The larger the ad-
sorption rate constant, the stronger the adsorption ability of coal, and the larger the saturated
adsorption amount when the adsorption reaches equilibrium. However, the adsorption rate
constant has little effect on the adsorption velocity.

Pore structure plays a significant role in the adsorption behavior of oxygen in coal. The
increase of fractal dimension and specific surface area leads to the increase of saturated
adsorption amount when adsorption reaches equilibrium.
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Nomenclature

C - gas concentration, [molm~]

C, — cutting size, [nm]

¢, —sound speed

D - diffusion coefficient, [m?s™]

D, — fractal dimension

e; —discrete velocity direction

f —distribution function

g — concentration distribution function
ky — adsorption rate constant [m*mol's™']
k. — desorption rate constant, [s™']

L, — side length, [nm]

[M]— matrix

At —time step, [us]
u  —velocity in the x-direction, [ms™']
v —velocity in the y-direction, [ms™']

Greek symbols

& —porosity

v —kinetic viscosity, [m?s™]
7 —relaxation time

o —weight coefficient

Superscript
eq — equilibrium

m — velocity moment " —lattice
N - adsorption amount, [molm™] — —average
N, - saturation adsorption amount, [molm~] .

n —order of the Sierpinski carpet model Subscripts

r; — particle position i —node
[S] — collision matrix j —node

s; — relaxation rate s —gas

t —time, [us] sp —solid
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