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ABSTRACT: Due to the complex porous media structure of the longwall gob area, it
has been difficult to determine the gas dispersion coefficient of oxygen when studying
spontaneous coal combustion in the gob area. In this work, we first designed an
experimental device for testing the gas diffusion coefficient of porous media. Then, the
distribution law of gas concentration in porous media under different particle size
conditions was obtained by experiments. Subsequently, we established a dimensionless
mathematical model of gas dispersion in porous media and developed a corresponding
numerical simulator based on the finite volume method (FVM). The influence of the
dimensionless gas dispersion coefficient on the gas concentration distribution was
analyzed, and then a dimensionless inversion method of the gas dispersion coefficient
was summarized and put forward. Finally, we obtained the values of the gas dispersion
coefficient in the experimental device under different particle size conditions by
inversion and discussed its effect on the gas dispersion behavior in porous media. The
results show that (1) the distribution of gas concentration obtained from the
experimental test and numerical simulation is consistent, which verifies the reliability of our work; (2) the dimensionless gas
concentration is the highest near the injection point and gradually decreases along the depth and both sides of the test container; (3)
with the increase of the dimensionless gas dispersion coefficient, the distance required for uniform gas mixing in the test container is
gradually shortened and the gas dispersion coverage is wider; and (4) the larger pore space facilitates the dispersion behavior of the
gas, and the gas dispersion coefficient shows a parabolic trend with the increase of porous medium particle size.

1. INTRODUCTION
China is the largest coal producer and consumer in the world,
and the share of coal in primary energy consumption has been
greater than 50% for a long time.1−4 As the depth and intensity
of coal mining increase, mining conditions have become more
and more complex and dangerous.5−7 Spontaneous coal
combustion is one of the most important threats, which mainly
occurs in the gob area of longwall mining face.8,9 The interior of
the gob area is full of rocks after the collapse of the roof, forming
a complex porous medium structure.10−12 In addition, a large
amount of crushed coal is left in the gob area. The fresh air
leaking into the gob area oxidizes with the crushed coal, and the
heat released from the reaction gradually accumulates and
eventually causes a fire, leading to huge human and property
losses.13,14

Understanding the mechanism of spontaneous coal combus-
tion in a longwall gob area is the basis of coal mine fire
prevention and control.15,16 In our previous studies, as shown in
Figure 1, we have proposed a multifield coupled catastrophic
model for spontaneous coal combustion in the gob area of
longwall mining face.17−20 We systematically sorted out the
interactions and relations among multiple physical fields that
cause spontaneous coal combustion in the gob area and
provided some new ideas for related research. However, the

accuracy of numerical calculations depends on the values of
various parameters. When the gob oxygen concentration field is
calculated, the dispersion coefficient of oxygen is involved. The
inaccurate value of the gas dispersion coefficient will lead to the
unreliable calculation results.18,21,22 Therefore, it is of great
significance to investigate the gas dispersion flow rule in porous
media structure and obtain the accurate gas dispersion
coefficient for the study of the spontaneous coal combustion
mechanism in the gob area.

In fluid mechanics, dispersion effect is the main characteristic
of fluid flow in porous media.23,24 When the fluid flows, the
tracer gradually diffuses outward, continuously occupying a
larger and larger flow area, which exceeds the expected
occupation area of the average flow, and this propagation
phenomenon is called hydrodynamic dispersion in porous
media.25,26 The key to study the fluid dispersion in porous media
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is to determine the dispersion coefficient.27,28 In this regard,
many scholars have carried out a large number of related studies
through theoretical deduction, numerical simulation, and
laboratory testing. Ding et al.29 established a mathematical

model of one-dimensional flow field dispersion in mine dump
and obtained the calculation formula of longitudinal hydro-
dynamic dispersion coefficient. Zhang et al.30 conducted a two-
dimensional dispersion experiment in the laboratory using a

Figure 1. Multifield coupling mechanism of spontaneous coal combustion in the gob area18

Figure 2. Experimental device diagrams: (a) physical diagram; (b) schematic diagram (note: each sampling hole is connected to the gas collection
cabinet; only part of the connection effect is shown here).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07628
ACS Omega 2023, 8, 45137−45151

45138

https://pubs.acs.org/doi/10.1021/acsomega.3c07628?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07628?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07628?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07628?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07628?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07628?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07628?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07628?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


large-size seepage tank and obtained the longitudinal dispersion
coefficient and transverse dispersion coefficient through the
experimental results and analytical solutions. Sahimi and
Indakm28 designed a fluid dispersion experiment in two-
dimensional porous media and found that the longitudinal
dispersion coefficient had no linear relationship with the flow
rate. Romero-Gomez et al.31 got the modified convection−
diffusion−reaction transport equation and the calculation
formula of axial dispersion coefficient through the dispersion
experiment of water flow in laminar flow state. Jiao and Htzl32

carried out miscible displacement experiments with fluids having
density and viscosity differences in a plexiglass column
containing uniform and isotropic sand pack. They found that
the dispersion coefficient continued to decline when the density
difference of the displaced fluid increased or the viscosity ratio
decreased. Pugliese and Poulsen33 used a series of particles with
different shapes and sizes as porous media to conduct
experimental research on fluid dispersion. The results show
that the closer the porous media particles are to the sphere, the
more obvious the linear relationship between the dispersion
coefficient and water flow velocity is. In summary, most scholars
mainly study the dispersion coefficient of liquid, but few study
the dispersion coefficient of gas in porous media. However, the
gas dispersion coefficient is widely used in engineering
technology. The calculation of gas concentration not only
provides technical basis for preventing coal spontaneous
combustion but also influences the control of gas disaster and
the exploitation of coalbed methane.34,35 Therefore, it is urgent
to study the measurement method of the gas dispersion
coefficient in porous media.

To solve the above problems, in this work, we studied the test
method of the gas dispersion coefficient in porous media by
combining numerical simulation and experimental measure-
ment. First, we designed an experimental device for gas
dispersion in porous media and measured the gas concentration
distribution in the device under different particle size conditions.
Subsequently, we established the dimensionless mathematical
model of gas dispersion in porous media and prepared a
corresponding numerical simulator based on the finite volume
method (FVM). Then, the influence of the dimensionless
dispersion coefficient on the distribution of gas concentration
was analyzed, and an inversion method of the gas dispersion
coefficient was summarized and proposed. Finally, according to
the experimental results, we obtained the gas dispersion
coefficients under different particle size conditions of porous
media by inversion and analyzed the influence of particle size on
the gas dispersion flow in porous media.

2. EXPERIMENTAL SECTION
2.1. Experimental Device. In this study, with reference to

the one-dimensional porous medium liquid dispersion exper-
imental equipment,32,36 an experimental device that can perform
two-dimensional gas dispersion was designed and developed
independently. As shown in Figure 2, this porous media gas
dispersion coefficient test device is mainly composed of four
parts: ventilation unit, test container, gas injection unit, and
sampling analysis unit.

The ventilation unit consists of four parts: a vortex ventilator,
three-way valve, pressure gauge, and air guide funnel. The
adjustable range of airflow velocity is 0−2 m/s. The vortex
ventilator can provide continuous power to the airflow, and the
pressure gauge shows the airflow pressure through the test

container. Three diverting orifice plates are arranged in the air
guide funnel, which can make the airflow uniform.

The test container is themain body of the experimental device
and the place where gas dispersion occurs. It consists of an
acrylic box and a metal frame. With reference to previous
literature,24,30 the size of the acrylic box is determined to be 1400
mm × 500 mm × 100 mm and the box is equipped with crushed
rock. The top plate of the acrylic box is provided with a gas
injection hole and 7 × 8 gas sampling holes, each with a diameter
of 1 mm. Considering that the gas concentration near the
injection hole changes greatly, the distribution of gas sampling
holes in this area is relatively dense. The left and right side walls
of the acrylic box are distributed with ventilation mesh holes to
ensure that air flows through the test container smoothly.

The gas injection unit is composed of a high-pressure cylinder,
a pressure reducing valve, and a flowmeter.37,38 The CO2 gas
with a small content in air is selected as the index gas. The 8 L
CO2 high-pressure cylinder with a 99.9% concentration is used
as the gas source, and the compressed CO2 in the high-pressure
gas cylinder can be safely and stably released by the pressure
reducing valve. By controlling the injection pressure equal to the
flow pressure, the airflow velocity in the vertical airflow direction
can be 0. When the index gas is injected into the test container,
the air duct is connected to the gas injection hole by a flower
tube (a tubular structure with uniform holes in the side wall).
The flower tube makes the air source injected into the container
linear, which can reduce the fluctuation of index gas
concentration in the height direction of the test container. In
addition, the gas injection unit selects the mode of continuous
gas injection rather than instantaneous gas injection. With the
increase of gas injection time, the gas concentration in the test
container will eventually stabilize, so the dispersion of index gas
in the test container can be regarded as a two-dimensional
steady-state process.

The sampling analysis unit includes a gas sampling cabinet, a
microliter syringe, a gas chromatograph, and a digital acquisition
system. To ensure the accuracy of sampling, we adopt a
combination of manual collection by a microliter syringe and
automatic collection by a gas sampling cabinet. The collected gas
samples are sent to the gas chromatograph for analysis and then
processed by the digital acquisition system to obtain the
distribution of CO2 concentration at each measurement point.

2.2. Experimental Procedure. In order to accurately
obtain the distribution of the CO2 concentration in the test
container, a two-dimensional gas dispersion experiment in
porous medium needs to be carried out according to the
following steps:

Pre-preparation. Connect the components of the
experimental device and seal all gaps with sealant. Then,
check whether the connections are well sealed, apply the
soapy water to the connections to form a film, start the fan,
and observe if the film breaks. Seal all the gas sampling
holes with rubber plugs to ensure that there is no air
leakage from the gas sampling holes. Finally, use the label
paper to number each sampling hole to facilitate the
experiment.

Buried measurement points and filling medium. Accord-
ing to the location of the gas injection hole and gas
sampling hole, arrange the gas injection flower tube and
gas sampling flower tube in the corresponding position of
the test container and fix with strong glue. Evenly fill the
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porous medium within a certain particle size range into
the test container, and fix the cover and seal it with sealant.
Ventilation and gas injection. Start the fan and use the
control valve to adjust the airflow volume through the test
container. Open the high-pressure cylinder and adjust the
index gas flow by the reducing valve. Continuously
ventilate and inject gas into the test container for 1 h to
ensure that the gas concentration in the test container is
steady.
Sampling and analysis. When the gas chromatograph is
ready, collect the gas sample from any gas sampling hole
with a syringe for analysis, and analyze the sample again in
the same sampling hole after an interval of 5 min. When
the gas concentration measured for two consecutive times
is the same, it can be considered that the gas
concentration in the test container has reached a steady
state. Then, start the automatic sampling system and
automatically collect the sample gas from each sampling

point; finally, analyze the extracted sample gas by the gas
chromatograph.

2.3. Experimental Results. We carried out three sets of
experiments when the particle sizes of porous media were 3−5,
5−7, and 7−9mm, respectively, and the experimental results are
shown in Figure 3.

Figure 3 shows the distribution of the CO2 concentration in
the test container under different particle sizes. Due to the
limitations in the number of measurement points and test
accuracy, the contour of the CO2 concentration distribution in
the container is not smooth enough. The CO2 concentration
data at some measuring points have small fluctuations, but the
overall experimental test results still truly reflect the dispersion
behavior of the gas inside the device. The results show that with
the continuous injection of CO2 at the gas injection hole, the
CO2 gas was sufficiently dispersed both vertically and
horizontally in the test container under the driving force of

Figure 3. Distribution of the CO2 concentration in the device under different particle sizes of porous media.

Figure 4. Model solution area and meshing.
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airflow. Near the gas injection hole, the CO2 concentration is the
highest. With the increase of the longitudinal dispersion
distance, the gas concentration gradually decreases but the gas
dispersion range gradually expands on the horizontal. In
addition, as the particle size of the porous medium increases,
the dispersion coverage of CO2 in the device also gradually
expands.

3. MATHEMATICAL MODEL
3.1. Modeling. As shown in Figure 4, the rectangular region

formed by horizontal projection of the cuboid space on the right
side of the injection hole in the test container is selected as the
solution area of the gas dispersion model. The length of the
solution area is l, and the width is 2w. Taking the lower-left
vertex of the solution area as the coordinate origin, the x-axis and
y-axis are set along the length direction and width direction of
the solution area and a two-dimensional rectangular coordinate
system is established. In addition, the model is based on some
simplification and assumptions: ① In the design of the test
container, its height is much smaller than the length and width,
and the adoption of the gas injection flower tube reduces the
fluctuation of gas concentration in the direction of container
height, so it is assumed that there is no change of gas
concentration in the direction of container height. ② The vortex
ventilator and high-pressure gas cylinder can provide airflow and
index gas in a sustainable and stable manner. After a period of
time, the concentration of index gas in the test container tends to
a steady state, so the influence of time is no longer considered. ③
The pressure of airflow in the y-axis direction of the test
container is 0, so the airflow velocity in the y-axis direction of
container vy = 0. By considering the above conditions, any
quadrilateral area element in the solution area is selected.
According to the mass conservation law and Fick’s law, the
change in index gas concentration per unit time equals the
quality difference of index gas that flows into and out of the
element. Therefore, the two-dimensional steady-state governing
equation of gas dispersion in porous media can be established as
follows:32,39,40
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where c is the volume concentration of the index gas in the test
container, %; Ex and Ey are the gas dispersion coefficients in the
x-axis and y-axis directions, m2/s; and vx and vy are the airflow
velocity in the x-axis and y-axis directions, m/s.

Equation 1 can be further simplified as

+ =E c
x

E c
y

v c
x

0x y x

2 2

(2)

The model boundary conditions are shown in Figure 4. Γ1 is
the first type of boundary condition, and there is almost no index
gas in the inlet airflow, so the value of the index gas
concentration on Γ1 is 0. Γ2 and Γ4 are the second type of
boundary conditions, and the gas diffusive flux in the y-axis
direction is 0. Γ3 is also the second type of boundary condition. It
is assumed that when the value of the boundary length l is large
enough, the gas diffusion flux in the x-axis direction is 0.
Therefore, in the calculations, the boundary length l is first taken
to be a sufficiently large value and then the data within the size
range of the test container are intercepted from the solution
results. The m on Γ1 is the gas injection point, and its gas
concentration is equal to the gas injection concentration A.

So far, a complete form of the 2D steady-state model for gas
dispersion in porous media can be obtained:
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3.2. Dimensionless Transformation. Dimensionless is a
mathematical method used to study the nature of physical
phenomena.41−43 By setting appropriate dimensionless param-
eters, the variables in mathematical models can be effectively
reduced, which is convenient for the later inversion of the gas
dispersion coefficient. As shown in eq 4, we introduce the
following dimensionless parameters to dimensionless the gas
dispersion model:
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where X is the dimensionless x-coordinate; Y is the
dimensionless y-coordinate; C is the dimensionless gas
concentration; E is the dimensionless gas dispersion coefficient;
and α is the dimensionless dispersion proportionality coefficient.

By substituting these dimensionless parameters into eq 3, the
dimensionless gas dispersion model in porous media can be
obtained as follows:
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3.3. Numerical Solution. The FVM is one of the most
popular numerical simulation methods.44−46 Its basic idea is as
follows: The calculation area is first divided into a series of
unrepeated grids and elements, and the control area is circled at
each grid point. Then, the differential equation is integrated in
each control area, and the integral is discretized. Finally, we can
establish a linear system of equations with unknown quantities
and solve them.

As shown in Figure 4, the solution area of the gas dispersion
model is first triangularly meshed. The closer to the gas injection
hole, the more drastic the change of gas concentration in the
container. Therefore, with the injection hole as the base point,
the spacing between adjacent nodes is set to increase
proportionally along the positive direction of the X-axis and
the positive and negative direction of the Y-axis, k1, k2 > 1.

Select any internal node q in Figure 4 for analysis. As shown in
Figure 5, each internal node has six related elements, and the
local node numbering of each related element is successively i, j,
m (rotate counterclockwise, and set the node with the smallest
overall number as node i). The overall node number and local
node number of the elements related to node q are labeled in
Figure 5. Each dashed line in Figure 5 is a straight line through
the gravity center of each triangular related element, which is
parallel to the opposite edge of node q. The area enclosed by all
the dashed lines forms the control area of node q.

Integrate eq 1 in the control area of node q:
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According to Green’s formula, eq 6 can be further simplified
to
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where S is the area of the node control area; Γ is the perimeter of
the control area.

The control area of each node is composed of six related
triangular control elements, so the integral (eq 7) can be
discretized as follows:
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where ΔYlk and ΔXlk are the projected lengths on the Y-axis and
X-axis of the kth triangular element on the boundary of control
area, respectively; Mlk is the contribution of the kth triangular
element composing the control area to node q.

In any triangular element of the solution area, based on the
principle of linear interpolation, the dimensionless gas
concentration at any point in the element can be expressed as
a function of node coordinates, node gas concentration, and
element area:42,45
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Taking the kth triangular element as an example and analyze
its contribution to the three nodes i, j, and m. First, for node m,
the contribution Mmk of the kth triangular element to node m can
be obtained by substituting eq 9 into eq 8:
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Similarly, the contribution Mik, Mjk of the kth triangular
element to nodes i, j can be obtained and written in matrix form:
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The treatment of discrete equations for the boundary nodes is
consistent with those of the internal nodes and will not be
repeated. Search within the solution area and superimpose the
contributions of all triangle elements at the same node to
synthesize the overall form of the mass conservation equation at
each node, and finally a system of linear equations composed of
all the nodes is established, as shown in eq 12:
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where C0, C1, ...Cn is the gas concentration at each node; k00, k01,
...knn are the coefficients of the linear equations; and q0, q1, ...qn
are the constants.

Finally, we independently developed a numerical simulator
based on the Visual Studio programming platform. In this way,
according to different models and different needs, codes can be
written flexibly to carry out numerical simulation. The
programming process is listed in Figure 6. First, the constants,
variables, and arrays required for calculation are defined, and the
calculation area is divided into grids and nodes. Subsequently,
the coefficient matrices of all nodes are assigned sequentially to
establish a system of linear equations with the gas concentration
as the unknown quantity. Finally, the Gauss−Seidel iterative

Figure 5. Control area and node number of the related elements of
internal node q.
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method is applied to solve the linear equations until the
calculation results meet the accuracy requirements, and all the
results are output.47

4. SIMULATION RESULTS AND ANALYSIS
4.1. Dimensionless Gas Concentration Distribution.

The specific simulation parameters involved in solving the
model are listed in Table 1. These parameters from Table 1 are
incorporated into the solution program to simulate gas
dispersion laws in porous media.

There are only two undetermined coefficients in the
dimensionless gas dispersion model: the dimensionless
dispersion coefficient E and the dimensionless dispersion
proportionality coefficient α, where the α is the ratio of the
longitudinal and transverse gas dispersion coefficient. In the test
experiments designed in this work, the particle size of the porous
medium is uniformly distributed throughout the device;
therefore, here we approximate the value of α to be 1. By
changing the value of the dimensionless dispersion coefficient E,
we can obtain different simulation results and obtain the
distribution law of the gas dimensionless concentration in the
test container.

Figure 7 shows the distribution of the CO2 dimensionless
concentration inside the test container with different dimension-
less dispersion coefficients. The results show that the
dimensionless gas concentration is the highest near the gas
injection point. From the gas injection point, the dimensionless
gas concentration gradually decreases along the depth and both
sides of the test container. With the increase in the
dimensionless dispersion coefficient, the gas disperses more
fully in the Y-axis direction of the test container, and the
dispersion coverage in the test container gradually expands.
Taking the dimensionless gas concentration contour C = 0.2 as

an example, it can be found that the whole contour is close to the
ellipse. As the dimensionless dispersion coefficient increases, the
long axis of the ellipse is gradually shortened, which indicates
that the distance required for uniform gas mixing in the test
container is gradually shortened and the occurrence of gas
dispersion behavior becomes easier.

4.2. The Relationship between Dimensionless Dis-
persion Coefficient and Gas Concentration. In order to
quantitatively analyze the relationship between dimensionless
dispersion coefficient E and dimensionless gas concentration
distribution, two characteristic lines Y = 0.2 and X = 0.161 were
selected according to the change rule of gas concentration in
Figure 7. Y = 0.2 is the center line of the Y-axis, and X = 0.161 is
the X-coordinate value of sampling holes closest to the injection
holes in the device. According to the distribution of gas
concentration data on the characteristic lines, the variation law
of gas concentration with dimensionless coordinates is fitted.

Figure 8 shows the CO2 dimensionless concentration
distribution on the characteristic line Y = 0.2 with different
dimensionless dispersion coefficients. It can be found that the
gas dimensionless concentration varies drastically along the X-
axis. The gas dimensionless concentration is the highest at the
injection point, and then the gas concentration decreases rapidly
and tends to stabilize, which is even more drastic with an
increase in the dimensionless dispersion coefficient. The
simulation data of the dimensionless gas concentration on Y =
0.2 with different dimensionless gas dispersion coefficients were
fitted, and the fit goodness R2 of the obtained fitting curves were
all above 0.95. Therefore, the dimensionless gas concentration
simulation data change with the X-axis as follows:

=C aXb (13)

where a, b is the undetermined parameter of the fitting curve.
Figure 9 shows the dimensionless CO2 concentration

distribution on the characteristic line X = 0.161 with different
dimensionless dispersion coefficients. The results show that the
change rule of dimensionless gas concentration with the Y-axis is
similar to a normal distribution. At Y = 0.2, the gas concentration
reaches its peak, and on both sides of the peak, the gas
concentration gradually decreases and falls to the lowest point at
the boundary. With the increase of the dimensionless dispersion
coefficient, CO2 is more fully dispersed in the container. The gas
concentration distribution is more uniform on the Y-axis,
showing that the peak value of dimensionless gas concentration
gradually decreases but the minimum value increases signifi-
cantly. Under different dimensionless gas dispersion coefficients,
the goodness of each fitting curve R2 is above 0.99 and the
variation law of the simulated value on the characteristic line X =
0.161 along the Y-axis can be obtained:

= +C C De Y Y w
0

( ) /2c
2 2

(14)

where C0 is the minimum value of dimensionless gas
concentration; D is the difference between the peak and the
minimum value of dimensionless gas concentration; Yc is the Y

Figure 6. Programming progress.

Table 1. Numerical Simulation Parameter Values

parameter length of solution area l (m) width of solution area 2w (m)

dimensionless
length of the
solution area

dimensionless
width of the
solution area gas injection concentration A (%)

dimensionless
gas injection
concentration

airflow
velocity
vx (m/s)

value 1.5 0.6 1 0.4 99.9% 1 0.18
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coordinate value of the peak, Yc = 0.2; w is the undetermined
parameter of the fitting curve.

There is a one-to-one correspondence between different
dimensionless dispersion coefficients and different dimension-
less gas concentration distribution curve equations. Therefore,
we can determine the values of three undetermined parameters
a, b, and w under different dimensionless dispersion coefficients.
As shown in Figure 10, the correlation equations between
dimensionless gas dispersion characteristic coefficient and
undetermined parameters a, b, and w can be determined by
fitting as follows:

= + =

= × + =

= × +
=

l

m

ooooooooo

n

ooooooooo

E R

E R

E R

2.65117e 0.0062, 0.93739

1.3484 10 e 0.00726, 0.98863

3.395 10 e 0.00463,
0.87181

a
a

b
b

w
w

/0.0138 2

9 /0.03291 2

10 / 0.00414 2

(15)

where Ea, Eb, and Ew are the dimensionless dispersion
characteristic coefficients associated with undetermined param-
eters a, b, and w, respectively.

Here, we further define these three undetermined parameters
a, b, and w as the dimensionless index coefficients for gas
dispersion coefficient inversion. Through eq 15, we can quickly
calculate the value of the dimensionless gas dispersion
coefficient from the dimensionless index coefficient.

5. INVERSION AND DISCUSSION
5.1. Gas Dispersion Coefficient Inversion Process. The

process of solving specific parameters in the equation according
to the results is called the parameter inversion method.48,49 In
the experiment of gas dispersion in porous media, the
distribution of gas concentration is affected by the gas dispersion
coefficient, airflow velocity, gas injection concentration, and
experiment device size. However, by establishing a simplified
dimensionless mathematical model of gas dispersion, we found
that the distribution of dimensionless gas concentration is only
related to the dimensionless dispersion coefficient E and the size
of solution area. Therefore, when the size of the solution area is
fixed, the dimensionless gas concentration distribution will only
be affected by the dimensionless dispersion coefficient E, and the
two correspond one by one. By fitting the dimensionless gas
concentration distribution on the characteristic lines, we
summarized three dimensionless index coefficients a, b, and w

Figure 7. Dimensionless concentration distribution of CO2 with different dimensionless dispersion coefficients.
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related to gas dispersion coefficient inversion and determined
the functional relationship between each dimensionless index
coefficient and dimensionless dispersion coefficient. In this way,
we can invert the dimensionless gas dispersion coefficient in the

device through the experimental results of gas concentration

distribution. The above is the basic principle of gas dispersion

coefficient inversion in porous media.

Figure 8. Dimensionless CO2 concentration distribution on Y = 0.2 with different dimensionless dispersion coefficients.
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Figure 11 shows the detailed procedure for the inversion of
the dimensionless gas dispersion coefficients. First, the gas
concentration data obtained by experiment and the coordinates
corresponding to each gas sampling hole are dimensionless
quantization. Subsequently, the dimensionless gas concentra-

tion distribution data on the characteristic lines Y = 0.2 and X =
0.161 of the experimental data were fitted, and the values of
three dimensionless index coefficients a, b, and w could be
obtained. Finally, according to eq 15, the value of the
dimensionless gas dispersion coefficient can be calculated.

Figure 9. Dimensionless CO2 concentration distribution on X = 0.161 with different dimensionless dispersion coefficients.
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Figure 12 shows the experimental data and fitting results of
the gas concentration distribution after dimensionless quantiza-
tion. It can be found that under different particle size conditions,
the gas concentration data obtained by experiments also
conforms to the fitting eqs 13 and 14, which verify the unity
of the experimental results and the numerical simulation results.

Taking the fitting results of gas concentration distribution
when the particle size is 3−5 mm in Figure 12a as an example,

the value of dimensionless index coefficients a, b, and w can be
obtained, which are 0.10232, −0.51584, and 0.05203,
respectively. By substituting the above three index values into
eq 15, the values of Ea, Eb, and Ew can be determined as
0.007797, 0.008325, and 0.006698. Next, take the mean of the
three dimensionless dispersion characteristic coefficients Ea, Eb,
and Ew to obtain the final calculation result of the dimensionless
gas dispersion coefficient:

Figure 10. Fitting relationship between dimensionless dispersion coefficient and undetermined parameter a, b, and w.

Figure 11. Dimensionless gas dispersion coefficient inversion process.
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=
+ +

E
E E E

3
a b w

(16)

Therefore, it is determined that when the particle size of
porous medium is 3−5 mm, the value of dimensionless gas
dispersion coefficient E in the experimental device is 0.007607.
The conversion relationship between the gas dispersion
coefficient D in porous media and the dimensionless gas
dispersion coefficient E is as follows:

=D Elv (17)

Substituting the values of l, v, and E into eq 17, we could finally
get the value of gas dispersion coefficient D is 0.002054 when the
particle size of porous medium is 3−5 mm. Similarly, by
repeating the above inversion process, it can be obtained that
when the particle size of porous medium is 5−7 and 7−9 mm,
the value of the gas dispersion coefficient D in porous medium is
0.002497 and 0.004077, respectively.

5.2. Effect of Particle Size on Gas Dispersion
Coefficient. In the previous section, by inverting the gas
dispersion coefficient in porous medium, as shown in Figure 13,
we obtained the values of gas dispersion coefficient inside the
experimental device when the particle sizes were 3−5, 5−7, and
7−9 mm. Fitting the variation rule of the gas dispersion
coefficient with the average particle size, the results show that
the gas dispersion coefficient shows a parabolic trend growth

with the increase of particle size of the porous medium.
Combining it with Figure 14 can better help us to understand
the reasons for this phenomenon. On the one hand, the increase
of the porous medium particle size significantly increases its
internal porosity. Through the drainage method, we also

Figure 12. Experimental data and fitting results of dimensionless gas concentration distribution under different particle size conditions.

Figure 13. Gas dispersion coefficients in porous media under different
particle size conditions.
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measured the internal porosity of the porous medium under
different particle size conditions.When the particle sizes are 3−5
5−7,and 7−9 mm, the corresponding porosities are 38.87,
40.81, and 43.2%, respectively. Larger pores obviously favor the
dispersion behavior of gas. On the other hand, the smaller the
particle size of the porous medium, the more difficult the
dispersion flow of gas in the porous medium, and the similar the
distance of flow, the more complex the tortuous path of gas,
which also inhibits the dispersion behavior of gas in the small
particle size porous medium.

6. CONCLUSIONS
In this paper, we study the gas dispersion law and determine the
gas dispersion coefficient in porous media. We first designed an
experimental device for testing the gas dispersion coefficient in
porous media and carried out the gas dispersion experiments
under different particle size conditions. Subsequently, a
dimensionless mathematical model reflecting the gas dispersion
behavior in the experimental device was established, and a
numerical simulator was programmed based on the FVM.
Through the numerical simulation results, we analyzed the effect
of the dimensionless dispersion coefficient on dimensionless gas
concentration distribution and proposed an inversionmethod of
the gas dispersion coefficient. Finally, we obtained the gas
dispersion coefficients under different particle size conditions
and analyzed the effect of the particle size on the gas dispersion
behavior in porous media. The following conclusions are
obtained:

The distribution law of gas concentration in the test
container obtained from the experimental test and
numerical simulation is consistent, and the reliability of
the experimental system and mathematical model
developed in this paper is verified by mutual corrobo-
ration, which can provide help for the study of gas
dispersion flow law in porous media.

The dimensionless gas concentration near the gas
injection point is the highest. From the gas injection
point, the dimensionless gas concentration gradually
decreases along the depth and both sides of the test
container. With the increase of the dimensionless
dispersion coefficient, the distance required for uniform
gas mixing in the test container is gradually shortened and
the gas dispersion coverage is wider.

The proposed inversion method can quickly determine
the gas dispersion coefficient in porous media under
different experimental conditions. With the increase of
porous medium particle size, the gas dispersion coefficient
shows a parabolic trend and the increase of pores is
conducive to the gas dispersion behavior in porous media.
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