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ABSTRACT: Gas explosions in coal mines have occurred
occasionally, which may cause casualties and economic losses. In
the actual mine roadway, the gas concentration distribution is
uneven because the gas density is lower than that of air. Gas
explosion characteristics of uneven gas distribution with the
concentration gradient in mine roadways were analyzed by using
the open-source computational fluid dynamic code OpenFOAM.
The flame and pressure characteristics were calculated, and the
flame and shock wave propagation laws of the non-uniform gas−air
mixture explosion with different concentration gradients were
analyzed and compared with the uniform gas−air mixture gas. The
results show that when the overall gas concentration is the same,
the flame velocity and the pressure growth rate of the uniform gas
explosion are lower than those of the non-uniform, but the pressure peaks of both are similar. At the same time, when the initial
volume concentration is 10%, the non-uniform gas explosion has the highest flame propagation velocity and peak value. The peak
explosion pressure of different concentration gradients is proportional to the initial concentration. The above studies clarified the
characteristics of gas−air mixture explosions with concentration gradients and provided theoretical support for the prevention and
control of gas explosion disasters.

1. INTRODUCTION
Coal energy is an important part of the energy field, supporting
the country’s economic and social development. However,
various combustible gases are inevitably produced during the
coal mining process, of which the main component is gas. The
disaster caused by the gas explosion is severe.1−4 Therefore,
studying the gas explosion characteristics in a mine roadway is
necessary. Before a gas explosion accident, gas accumulation
usually occurs, and the accumulated gas stratifies due to lower
density with a concentration gradient. So, the study of non-
uniform gas explosions with concentration gradients has
practical significance.
A gas explosion in themine roadway is a very complex process,

and there are many discussions about the characteristic
parameters of the explosion.5−9 However, previous studies
mainly focused on the uniform gas explosion propagation law in
mine roadways. Gao et al.10 did corresponding research on the
influence of rock blocks of different sizes on gas explosions. At
the same time, in order to study the dynamic pressure effect of
themethane−air explosion in the roadway, Zhang et al.11 carried
out the corresponding analysis. Gao et al.12 also used
OpenFOAM to study the influence of low-concentration gas
on the gas explosion characteristics of roadways. Regarding the
propagation law of the shock wave in the pipeline of the gas
explosion, Wang et al.13 gave their analysis results. Zhou et al.14

also conducted a gas explosion experiment by building a model
with internal and external obstacles. Regarding the effect of gas
concentration on the gas explosion, Cao et al.15 used Fluent to
conduct numerical simulation research on the gas explosion
process in pipelines. Yang et al.16 also carried out corresponding
experimental research on the explosion overpressure of gases
with different concentrations. At the same time, Xu et al.17

studied the effect of the gas and air concentration equivalence
ratio on the flame propagation in the pipeline. Regarding the
process of deflagration to detonation, Cheng et al.18 provided
new experimental evidence supporting the theory of turbulence-
enhancement effect on the initiation of a detonation. For the
research on the explosion pressure of gases with different
concentrations, Wei and Tan19 analyzed the variation law of the
explosion pressure of gases with five different concentrations.
Regarding the functional relationship between the gas
concentration and the peak explosion pressure, Song20 gave
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the corresponding experimental research results. Li and Si21 also
studied the explosion pressure and corresponding pressure rise
rate of gases with different concentrations through an
experimental system. All of the above studies have advanced
the gas explosion theory in depth.
However, the gas concentration distribution is often not

uniform in the actual mine roadway. The gas concentration is
inconsistent everywhere under the influence of the density, and
the gas concentration in the mixture is an important factor
affecting the explosion characteristics. Therefore, Rui et al.22

studied the effects of different hydrogen concentration gradients
on flame behavior and overpressure through experiments.
Huang et al.23 also studied the joint effect of the vertical
concentration gradient and barrier shape on the methane−air
explosion characteristics. In order to study the relevant
characteristics of the hydrogen−air mixture gas explosion with
a concentration gradient, Wang and Wen24 analyzed the flame
propagation velocity and pressure distribution. Karanam et al.25

also carried out a numerical simulation study on the flame
acceleration and DDT of hydrogen−air mixtures.
Some researchers have also contributed to the study of gas

explosions. Zhang et al.26,27 systematically studied the ignition
behavior due to shock wave reflections from a variety of shapes
and analyzed the effects of the incident shock Mach number
(Ma) on the ignition delay times in two reflectors by changing
the shock wave intensity. Yang et al.28 also revealed four flame
propagation modes and provided a practical method for
differentiating between detonation and deflagration modes.
Cao et al.29,30 also studied the variation law of the explosion
pressure of the hydrogen−air mixture in ventilation ducts and
the propagation characteristics of the explosion flame of the
premixed syngas−air mixture at normal temperature and
pressure. At the same time, in order to study the process and
mechanism of the gas explosion caused by spontaneous
combustion of coal in the goaf, Zhang et al.31 conducted
corresponding simulations. Bi et al.32 established a three-
dimensional numerical model to simulate gas deflagration in
pipes of a large length-to-diameter ratio (L/D) and studied the
flame propagation and flow field during the deflagration process,
as well as the effects of the ignition point and L/D of the pipe on
them. Bai et al.33 used a spherical explosion container to analyze
the effect of turbulence on the explosion characteristics of the
methane−air mixture. At the same time, Ciccarelli and
Dorofeev34 also studied the unstable combustion phenomenon
of combustible mixtures after weak ignition.
This paper constructs a fully enclosed rectangular plane

model with a length of 3 m and a height of 0.15 m in view of the
uneven distribution of gas in the actual roadway. OpenFOAM
was used to study the explosion characteristics of a non-uniform
gas−air mixture with a concentration gradient. Under the
condition that the diffusion time and other parameters are kept
the same, a comparative study of non-uniform gas−air mixture
explosions with different concentration gradients is carried out
to clarify the characteristics of non-uniform gas−air mixture
explosions.

2. NUMERICAL METHODS
Aiming at the flow characteristics of the non-uniform gas−air
mixture explosion, the Navier−Stokes equation and the gas−air
reaction model are coupled.35−37 Following the law of mass,
energy, and momentum, the mass conservation equation of fluid
can be expressed as follows.
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The momentum conservation equations in each space direction
are as follows
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where ρ is the density (kg/m3); t is the time (s); ui and uj are the
flow velocities (m/s); xi and xj are the directions, and τij is the
shear stress tensor of the Newtonian fluid assumed by Stokes
(N/m2). The expression of τij is eq 3, where p is the pressure

Figure 1. Schematic diagram of the initial state.

Figure 2. Schematic diagram of gas diffusion.

Figure 3. Distribution of the gas volume concentration in the model at
the selected time.

Figure 4. Stratification of non-uniform gas−air mixture.
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(Pa), gi is the acceleration of gravity (m/s2), μ is the dynamic

viscosity (Pa·s), and δij is the Kronecker symbol,
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The energy conservation equation can be expressed as follows
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of two parts: the heat flow due to heat conduction and the
enthalpy flow due to species diffusion.
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Where K is the thermal conductivity (W/(m·K)), T is the
temperature (K), hk,t is the overall enthalpy of substance k (kJ/
kg),Dk is the diffusion coefficient of substance k (m2/s), yk is the
mass fraction of the substance (%), and N is the quantity of the
substance. The conservation equation for the mass of species is
as follows
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wherewk
•
is the reaction rate of species k (mol/(L·s)) given by eq

7
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where A is the pre-exponential factor, Ea is the activation energy
(J/mol), CCHd4

is the methane concentration (vol %), COd2
is the

oxygen concentration (vol %), and R is the universal gas
constant (J/(kg·K)).
Equation 7 can be derived from the elementary reaction rate

equation and the Arrhenius equation. The object of this study is
gas, whose main component is CH4, so the first-order reaction
equation is as follows.

CH 2O CO 2H O4 2 2 2+ = + (8)

According to chemical kinetics, the basic form of the elementary
reaction rate equation can be given as follows

v kC CA
a

B
b= (9)

where v is the reaction rate of the substance, k is the reaction rate
coefficient, CA and CB are the molar concentrations of
substances A and B, respectively, and a and b are the reaction
orders. From the given reaction equation of CH4, the reaction
orders are a = 1 and b = 2.
From the Arrhenius equation, the reaction rate coefficient

equation can be given as follows

k Ae E RT/a= (10)

where k is the reaction rate coefficient, A is the pre-exponential
factor/Arrhenius constant, Ea is the activation energy of the

reaction (J/mol), R is the gas constant, and T is the temperature
under the absolute temperature scale with the unit being Kelvin
(K).
At the same time, according to eq 6, the reaction rate

(consumption rate) of CH4 that satisfies eq 6 can be obtained
w vk =•

. It can also be written in the form of eq 7.
The flame propagation is modeled using the reaction progress

variable c, where c
T T

T T
f

b f
= . c = 0 corresponds to an unburned

mixture, and c = 1 corresponds to a completely burned mixture.
The reaction mass transport equation is as follows
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where Scdt
is the turbulent Schmidt number, μt is the turbulent

viscosity (Pa·s), and wc is the source term of the reaction process
variable. From the Weller model, we know that w S c Gc T= | | ,
where ST is the turbulent flame velocity (m/s) and G is a factor
(0≤G≤ 1). The overall reaction rate is S c G dxc T= | |
(where is the flame surface area, m2).
This study implements the conservation equations by using

the finite volume method in the OpenFOAM code. A k-εmodel
of turbulent flow is used to close the equation,38 and the HLLC
algorithm was proposed based on a density-based solver for the
numerical flux. The plane wall’s one-dimensional transient
conduction equation39 will also construct the non-uniform gas−
air premixed gas.
The governing equation of gas diffusion in the gaseous

medium of gas and air is given by eq 12.
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Where ρ is the density (kg/m3), Y is the mass fraction of the
substance, D is the diffusion coefficient (m2/s), t is the diffusion
time (s), and y is the position in the coordinate direction (m).
The volume fraction of species “i” can be obtained in mass

fraction using eq 13.
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Where X is the volume fraction of the substance and M is the
molecular weight of the substance (kg/kmol).
The input quantities are the input quantities of gas (ρCHd4,ref)

and air (ρair,ref) under a normal temperature and one standard
atmospheric pressure. The gas−air mixture density is obtained
using eq 14. Diffusion coefficients are given by eqs 15 and 16.
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Where (ρCHd4,ref) and (ρair,ref) are reference values of gas density.
The schematic diagram of the initial state of gas stratification

is shown in Figure 1. In the prefabricated model, the simplified
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numerical study of one-dimensional diffusion can be carried out,
and the analytical solution of the one-dimensional transient
conduction equation in the plane wall can be obtained by the
numerical method. Meanwhile, Agrawal et al.40 verified the
accuracy of such numerical models and analyzed the errors. It
can be calculated that the maximum error of such a numerical
model does not exceed 16.5%. In Figure 1, the top plate
maintains a gas−air mixture with X = 10% volume
concentration, and the initial gas volume concentration in
other places is 0. The model governing equation is shown in eq
17.

X

t
D

X

y
CH

2
CH
2

4 4=
(17)

The diffusion coefficient of gas to air is 2.24 × 10−5 m2/s (fixed
value).41 The bottom and top boundary conditions are
expressed by eqs 18 and 19, and the internal initial conditions
are expressed by eq 20.

X H t( , ) 0.1CH4
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Finally, based on the method of solving the one-dimensional
transient conduction equation in the plane wall, the analytical
solution for the governing eq 17 is given by eq 21, where the
variables are given by eqs 22 and 23.
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Where n is a constant, H is the overall height of the space (m),
and τ is the dimensionless time.
The stratification of the gas concentration caused by

molecular diffusion can be described as a one-dimensional
mass transfer problem. Figure 2 presents the diffusion diagram
illustrating the diffusion state at a specific moment with the
initial state depicted in Figure 1. Additionally, Figure 3 illustrates
the variation of gas volume concentration with position when
the diffusion time are 300, 400, and 600 s.
In this study, when the diffusion time is 400 s, the layering of

the gas−air mixture is simulated. The specific non-uniform gas
layering in OpenFOAM is shown in Figure 4 (the displayed

concentration value is the mass concentration of the gas). The
gas concentration in the figure shows obvious stratification.

3. MODEL CONSTRUCTION AND SIMULATION
PROGRAM INTRODUCTION

Figure 5 shows a schematic diagram of the numerical simulation
model using the OpenFOAM code. The model uses a planar

model with length L = 3 m and heightH = 0.15 m. Under initial
atmospheric temperature and standard atmospheric pressure
conditions, a stoichiometric gas−air mixture is filled for the
numerical simulation of the gas explosion. Such models have
been verified for accuracy and error analysis.12 The maximum
error of its flame speed did not exceed 20.7%. The experimental
and simulation results of pressure changes are in good
agreement.
The parameters for the simulation model are listed in Table 1.

The OpenFAOM numerical model is completely airtight, and
the boundary condition is an adiabatic wall. Grid sizes of 2.5, 5,
and 10 mm were chosen for grid independence verification to
reduce the discretization error and ensure the accuracy of
numerical simulation results. Using the monitoring point C5 as
an example (as shown in Figure 6a), the start time of the
temperature rise is the same at 5 mm grid size as it is at 2.5 mm
grid size. Figure 6b illustrates a significant difference in the
pressure change pattern between the 10 mm grid and the 5 mm
grid. However, when the grid size is reduced to 5 mm, the
pressure growth trend aligns with that of the 2.5 mm grid.
Considering the calculation time, a grid size of 5 mmwas carried
out.
The characteristics of the explosion of a non-uniform gas−air

mixture with a concentration gradient are studied by comparing
it with the explosion of a uniform gas−air mixture. The
concentration gradient was changed by varying the initial
concentration in this study, allowing for a systematic analysis of
the non-uniform gas−air mixture explosion with different
concentration gradients. Therefore, multiple cases will be
employed for numerical simulation research to analyze the
characteristics of non-uniform gas explosions through compar-
ison. Table 2 shows all of the numerical simulation cases.

Figure 5. Schematic diagram of the numerical simulation model.

Table 1. Input Parameters

initial conditions values

p0 101,325 Pa
T0 291.18 K
(ui)0 0 m/s
(uj)0 0 m/s
Δt 5 × 10−4 s
ρair 1.29 kg/m3

ρCHd4
0.657 kg/m3

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

https://doi.org/10.1021/acsomega.3c06054
ACS Omega 2023, 8, 48798−48812

48801

https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Case 1 focuses on the explosion of a non-uniform gas−air
mixture with a concentration gradient, where the initial volume
concentration is 10%. It aims to investigate the fundamental
propagation law of the explosion. This paper examines the
relationship and distinction between explosions of uniform and

non-uniform gas−air mixtures with the same overall gas
concentration. Case 2 is numerically simulated, while the
other parameters are consistent. Figure 7 illustrates that the
overall gas concentration throughout the entire pipe, for a non-
uniform gas−air mixture with an initial volume concentration of
10% and a concentration gradient, is 6.99%. Therefore, the
entire pipeline is filled with a uniform gas−air mixture with a
volume concentration of 6.99%. The numerical simulation
results are compared with case 1 to ensure the consistency of the
overall gas concentration. The flame and pressure characteristics
are also studied. Additionally, numerical simulations were
conducted for cases 3−6 to explore the characteristics of gas−
air mixture explosions with varying concentration gradients.
Keeping the diffusion time (t = 400 s) and all other parameters
consistent, the initial volume concentration of gas on the upper
wall of the pipeline is varied: 8, 9, 11, and 12%. Figure 8

Figure 6. Grid independence verification.

Table 2. Parametric Simulation Details of Different Gas
Explosion Cases

simulation cases initial concentrations is it uniform

case 1 10% no
case 2 6.99% yes
case 3 8% no
case 4 9% no
case 5 11% no
case 6 12% no
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illustrates a comparison between the formed concentration
gradient and the 10% concentration gradient. Subsequently, a
comprehensive comparison was conducted on the simulation
results of non-uniform gas explosions with varying concen-
tration gradients, and the characteristics of flame and pressure
were analyzed.

4. NUMERICAL SIMULATION RESULTS AND
ANALYSIS

4.1. Flame Characteristics of Non-uniform and Uni-
form Gas−Air Mixture Explosion. 4.1.1. Basic Character-
istics of Non-uniform Gas−Air Mixture Explosion Flame.
Figure 9 illustrates the temperature variation over time of the
monitoring point (taking A1−N1 as an example) in case 1. There
is a noticeable increase in the temperature in the figure, and the
starting time represents the arrival time of the flame front.

Figure 10 depicts the average flame speed for case 1. The
average flame speed is calculated using the following equation
based on the flame front position versus time42

v
x x
t t
i i

i i

1

1
= +

+ (24)

where ti and ti+1 represent the times when the flame front reaches
a monitoring point and its subsequent monitoring point,
respectively. xi and xi+1 represent the positions of these two
adjacent monitoring points, respectively. The average flame
speed between two adjacent monitoring points can be calculated
to study the non-uniform flame velocity characteristics of a gas−
air mixture explosion. Subsequently, xi 1/2+ represents the
position between xi and xi+1.
The average flame propagation velocity in Figure 10 shows

that upon ignition of the gas−air mixture, the sharp increase in
temperature and pressure leads to turbulence, which in turn
promotes the propagation of the flame. During the initial

Figure 7. Concentration distribution of uniform and non-uniform gas−air mixtures.

Figure 8. Distribution of the gas volume concentration in different concentration gradients.
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ignition, the gas began to burn gradually, resulting in a flame
speed of 5 m/s. As the flame continued to come into contact
with the unburned gas−air mixture, the combustion intensified,
leading to an increase in the flame speed. Subsequently, the
flame speed decreased at 0.7 m, followed by another increase
and reaching the peak value. Finally, the flame speed decreased
again and stabilized at 7.5 m/s.
As shown in the flame propagation form diagram in Figure 11,

due to the non-uniform gas distribution, the flame front spreads
close to the upper wall. However, due to the leading shock wave
generated by the combustion at the front of the flame, which
propagates backward before the flame, it reflects when it touches
the end of the pipe and propagates in the opposite direction.
When the reflected shock wave meets the flame front, the shock
wave will compress the flame, and the speed of the flame will
drop accordingly, as can be clearly seen at 0.7 m in Figure 10.
Afterward, the compression of the shock wave forces the flame
front to compress into the mixture at the bottom. At this time,
the increase of the density of the mixture and the increase of the
surface area of the flame lead to a sharp rise in the reaction rate of
gas and an overall reincrease in the flame speed again. After this,
the flame speed gradually decreases and eventually levels off.

It can be seen that although the highest speed of flame
propagation appears at the bottom monitoring point, the flame
speed of the upper layer is constantly kept between 15 and 25m/
s in the range of 0.5−1.9 m. Therefore, the overall flame
propagation speed is still related to the concentration, and the
flame propagation speed in the high-concentration area is
generally higher than that in the low-concentration area.

4.1.2. Flame Propagation Characteristics of Non-uniform
and Uniform Gas−Air Mixture Explosion. Case 2 represents a
uniform gas explosion with the same overall gas concentration as
case 1. Figure 12 illustrates the shape of the flame propagation.
In contrast to case 1, the flame form of the uniform gas explosion
is more stable. Since there is no concentration difference in the
vertical direction, there is no position gap in the propagation of
the flame front. As a result, the flame shape remains consistently
flat and propagates steadily backward. Figure 13 depicts the
average flame propagation velocity, which exhibits a variation
trend similar to that of case 1. Following ignition, the flame

Figure 9. Temperature variation with time of monitoring points A1−N1 in case 1.

Figure 10. Average flame propagation speed of case 1.

Figure 11. Schematic diagram of case 1 flame shape.
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propagation velocity initially increases, then decreases, and
subsequently increases again before finally stabilizing. Similar to
case 1, the leading shock wave generated by the flame is reflected
from the end of the pipe. At 0.7 m, the reflected shock wave
compresses the flame front, resulting in a reduction in the flame
speed. After that, the flame continues to spread, igniting more
unburned gas and gradually increasing the flame speed until it
stabilized at 7.5 m/s.
Figure 14 illustrates the comparison of the flame speeds

between non-uniform and uniform gas−air mixture explosions;
the average flame speed of the non-uniform gas−air mixture is
13.7 m/s, and that of uniform is 4.8 m/s. The flame propagation
speed of non-uniform gas−air mixtures is higher than that of
uniform gas−air mixtures. This is due to the presence of a
concentration gradient in the non-uniform gas−air mixture,

where the gas concentration in the upper layer is higher than the
average concentration. As a result, the flame preferentially
propagates toward the high-concentration area. Additionally,
the gas in the high-concentration area burns more intensely and
spreads faster, while the flame speed in the low-concentration
area is slower. This causes the flame shape of the non-uniform
gas−air mixture to elongate, resulting in a larger surface area.
The uniform flame spread exhibits no variation in longitudinal
concentration, resulting in a uniform flame shape with a
significantly smaller surface area compared to the non-uniform
gas−air mixture. Thus, the flame speed of the non-uniform gas−
air mixture explosion is higher than the uniform one, which can
be attributed to the difference in the flame surface area and gas
concentration gradient.

4.1.3. Flame Characteristics of Non-uniform Gas−Air
Mixture Explosions with Different Concentration Gradients.
The initial concentrations on the upper wall are adjusted in cases
3 and 6 while keeping all other parameters, such as diffusion
time, consistent with case 1, in order to create various
concentration gradients in the vertical direction. Subsequently,
explosion simulations will be conducted for non-uniform gas−
air mixtures with different concentration gradients. Figure 15
displays the flame propagation velocity for each concentration
gradient. When considering Figure 10, the velocity variation
trend of flames resulting from explosions of non-uniform gas−
air mixtures with different concentration gradients aligns with
that of case 1. In other words, the flame accelerates gradually at
the beginning of combustion, followed by a decrease caused by
the reflected shock wave. Afterward, the speed continues to
increase, reaching the peak value, and then, the flame speed
begins to decrease continuously and finally stabilizes. This
phenomenon can be explained by the fact that the explosion of
non-uniform gas−air mixtures with different concentration
gradients has a similar explosion process, and the change of
flame propagation speed follows a similar law.
Figure 16 illustrates the comparison of flame speeds with

different concentration gradients. The monitoring values
represent the average speeds of the monitoring points at various
heights within a specific section of the pipeline. The highest
flame propagation velocity is observed in the gas−air mixture
explosion with an initial concentration of 10% and a

Figure 12. Schematic diagram of case 2 flame shape.

Figure 13.Average flame propagation velocity of the gas with a uniform
concentration.

Figure 14. Flame speeds of non-uniform and uniform gas−air mixture
explosions.

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

https://doi.org/10.1021/acsomega.3c06054
ACS Omega 2023, 8, 48798−48812

48805

https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06054?fig=fig14&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


concentration gradient. The overall flame propagation velocity
gradually decreases as the initial concentration increases or
decreases. By considering the flame velocity peaks for each
concentration gradient shown in Figure 17, it can be concluded

that the non-uniform gas−air mixture exhibits the highest
combustion rate, fastest flame propagation speed, and peak
velocity when the initial volume concentration is 10%. As the
initial concentration increases or decreases, the flame’s overall
propagation velocity and peak velocity also decrease.

Figure 15. Average flame propagation velocity of different concentration gradients.

Figure 16. Average flame propagation speeds with different
concentration gradients.

Figure 17. Flame speed peaks at different concentration gradients.
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When the concentration gradient is altered, the magnitude of
the flame propagation velocity changes significantly. The non-
uniform gas−air mixture explosion with a concentration
gradient and initial volume concentration of 10% exhibits the
highest overall flame propagation velocity and flame peak
velocity. Both the overall propagation and peak velocity decrease
as the concentration increases or decreases. Thus, it can be
concluded that different concentration gradients have a
significant effect on the flame propagation velocity.
4.2. Explosion Pressure Characteristics of Non-uni-

form and Uniform Gas−Air Mixtures. 4.2.1. Basic Charac-
teristics of the Explosion Pressure of the Non-uniform Gas−
Air Mixture. The explosion pressure variation image simulated
by case 1 can be seen in Figure 18. The monitoring points at
different heights but in the same position have the same
variation law of explosion pressure and do not change due to the
concentration gradient. Therefore, it can be concluded that the
change in explosion pressure is independent of the concen-
tration gradient of the non-uniform gas−air mixture. The change

law of explosion pressure is that it rises continuously at first, then
reaches the peak value, and finally becomes stable at the peak
value. This phenomenon is explained by the fact that after the
non-uniform gas−air mixture is ignited, the pressure generated
by the restricted flame due to the roadway’s height and the wall is
the same on the upper and lower walls. The flame shock wave
spreads in multiple directions but finally mainly impacts toward
the end of the pipeline. As the flame continues to advance, more
unburned gas is added to the combustion, making the pressure
always maintain an upward trend, then reach a peak, and finally
become stable.

4.2.2. Pressure Characteristics of Non-uniform and Uni-
form Gas−Air Mixture Explosions. The explosion pressure
change image simulated by case 2 can be seen in Figure 19. It is
similar to the explosion pressure map of case 1. The monitoring
points at the same location and heights have the same change
trend in explosion pressure. The variation law of the explosion
pressure is similar to that shown in Figure 18. It rises
continuously, reaches the peak value, and finally becomes stable

Figure 18. Variation of the explosion pressure of the non-uniform gas−air mixture with time (monitoring points G1−G5).

Figure 19. Variation of the explosion pressure of the uniform gas−air mixture with time (monitoring points G1−G5).
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at the peak value. Combining the non-uniform and uniform
pressure comparison chart shown in Figure 20, under the same
overall gas concentration, the growth rate of the explosion
pressure of the uniform gas−air mixture is much smaller than
that of the non-uniform gas−air mixture, the time to reach the
pressure peak is also longer, but the pressure peak is essentially
the same. This can be explained by the fact that under the same
overall concentration, the non-uniform gas−air mixture of case 1
has a concentration gradient, and the gas volume concentration
in the upper part of the pipeline is higher than the average
concentration. Therefore, the combustion of the gas is more
violent, the explosion pressure is higher, and the speed of
backward flame propagation is faster. The rate of the explosion
pressure rise in the pipeline is also higher. However, although
the rate of pressure change is different for cases 1 and 2, the peak
pressure is essentially the same because the overall gas
concentration and the overall combustible gas are the same.

4.2.3. Explosion Pressure Characteristics of Non-uniform
Gas−Air Mixtures with Different Concentration Gradients.
The pressure growth changes of each concentration gradient are
shown in Figure 21. As shown in the figure, no matter how the
concentration gradient changes, the growth trend of the
explosion pressure is the same, and the pressure change always
rises first and then tends to be stable. When the initial
concentration is 10% of the concentration gradient and above,
their explosion pressure growth rates are similar and remain at a
high level, and they both reach their peak at around 0.3 s. When
the initial concentration is reduced to 9 and 8%, the rising rate of
the explosion pressure is significantly reduced and the time for
the pressure to reach the peak becomes longer. The explosion
pressure of the non-uniform gas−air mixture with a concen-
tration gradient at an initial concentration of 9% reaches its peak
at 0.42 s, while the explosion pressure of the non-uniform gas−
air mixture with a concentration gradient at an initial
concentration of 8% reaches the pressure peak at 0.67 s.

Figure 20. Comparison of the explosion pressure of non-uniform and uniform gas−air mixtures.

Figure 21. Comparison of the explosion pressure of non-uniform gas−air mixtures with different concentration gradients.
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The ratio relationship between the explosion pressure of
different concentration gradients and the initial atmospheric
pressure can be seen in Figure 22. In the figure, px is the pressure
value at a certain moment, and p0 is the initial atmospheric
pressure of 101,325 Pa. The relationship between the
concentration gradient and pressure can be seen in Figure 22.
When the initial concentration increased from 10% to 11 and
12%, the peak pressure increased with the increase in
concentration; when it decreased to 9 and 8%, the peak pressure
decreased with the decrease in concentration. This phenomen-
on can be explained by the higher initial concentration of the
non-uniform gas−air mixture containing a higher overall
concentration of gas, and the overall amount of gas that can
participate in combustion is more, making the gas explosion’s
pressure higher. Ultimately, it can be attributed to the fact that
the peak value of the explosion pressure increases with the
increase of the overall gas concentration.

In general, the concentration gradient affects the explosion
pressure, and the different concentration gradients of the non-
uniform gas−air mixture affect the growth rate and peak value of
the explosion pressure. When the initial concentration is 10%
and above, the growth rate of the explosion pressure is higher,
the time to reach the peak is shorter, and the peak value of the
explosion pressure increases with the increase of the
concentration. When the initial concentration is lower than
10%, the growth rate of the explosion pressure decreases
continuously with the decrease of the concentration, the time to
reach the peak becomes longer, and the peak value of the
explosion pressure also decreases continuously with the decrease
of the concentration.
The rate of change of explosion pressure with different

concentration gradients is shown in Figure 23. When the initial
concentration is 10% and above, the pressure change rate
increases continuously in the first 0.2 s, then the change rate
decreases, and finally, the pressure change rate becomes close to

Figure 22. Variation law of the ratio of the explosion pressure to the initial pressure with different concentration gradients.

Figure 23. Explosion pressure change rate at different concentration gradients.
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0 after 0.4 s; the explosion pressure remains stable. When it is
reduced to 9 and 8%, the change rate of explosion pressure
decreases continuously with the decrease of concentration, the
time to reach the peak value also becomes longer, and finally, the
rate of change of pressure tends to 0. This phenomenon is
explained by the fact that the change rate of explosion pressure is
related to different concentration gradients, but in the later stage
of the reaction, the explosion pressures of different concen-
tration gradients tend to be stable, making the final pressure
change rate close to 0.
Meanwhile, the maximum explosion pressure change rate and

the average explosion pressure change rate at different
concentration gradients are shown in Figures 24 and 25. It can
be seen that with the increase of the initial concentration, the
overall concentration of gas increases continuously and the
intensity of the explosion reaction increases, which makes the
change rate of the maximum and average explosion pressure
increase continuously. Therefore, it can be concluded that both
the maximum and average explosion pressure change rates
increase with increasing initial concentration.

5. CONCLUSIONS
The paper investigates the characteristics of the explosions of a
non-uniform gas−air mixture with a concentration gradient in
the roadway using the OpenFOAM code. The analysis examines
the influence of fundamental model parameters, including
pressure, temperature, flame speed, and pressure change law, on
the explosion characteristics. By comparing explosions of a gas−
air mixture gas with uniform concentrations to those with a non-
uniform gas−air mixture exhibiting different concentration
gradients, this study investigates the pressure, flame speed, shock
wave, and other features resulting from non-uniform gas
explosions under various conditions and draws the following
conclusions.

(1) The presence of a concentration gradient in the non-
uniform gas−air mixture leads to an elongated flame
shape and increased surface area, resulting in a
significantly higher flame propagation velocity compared
to the uniform flame. Additionally, the concentration
gradient accelerates the growth rate of the explosion
pressure in the non-uniform gas−air mixture compared to
the uniform gas−air mixture. However, since the overall
gas concentration is the same for both cases, the
magnitude of the pressure peak remains unchanged.

(2) When a non-uniform gas−air mixture with an initial
concentration of 10% explodes, the flame velocity initially
increases and then decreases due to the reflected shock
wave compressing the flame. The density of the
compressed mixture and the flame surface area increase
so that the flame velocity increases again and reaches a
peak value. Then, the velocity decreases and finally levels
off. Overall, the flame velocity in the high-concentration
area is higher than that in the low-concentration area.
When the non-uniform gas−air mixture with different
concentration gradient explodes, the flame velocity is
different. When the initial volume concentration is 10%,
the flame propagation velocity and peak velocity are the
highest, but the increase and decrease of the concen-
tration reduce the propagation and peak velocity.

(3) The explosion pressure of non-uniform gas−air mixtures
with different concentration gradients has similar
changing rules, and they all follow a pattern of initial
increase followed by stabilization. But when the initial
concentration is 10% and above, the growth rate of
explosion pressure is higher, and the time to reach the
peak is shorter. When the initial concentration is lower
than 10%, the growth rate of the explosion pressure
decreases continuously with the decrease of the
concentration, and the time to reach the peak becomes
longer. The higher the initial concentration, the higher the
peak value of the explosion pressure. At the same time,
both themaximum and average explosion pressure change
rates increase with increasing initial concentration.
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