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KEYWORDS Abstract The aim of this study was to examine the propagation characteristics of liquified petro-
Liquefied petroleum gas leum gas (LPG)/air explosion. As such, the flame propagation process and pressure parameters of
(LPG); LPG explosion with an equivalent ratio of 1 were obtained using horizontal, long straight pipes and
Explosion; a high-speed camera. The large eddy simulation and power-law flame model were used to reproduce
Large eddy simulation the simulation results, and the morphological evolution of the flame front during the explosion pro-
(LES); cess was analyzed. The results showed that as the blockage ratio gradient increased, the time
(léloc;age ratio; required for the flame to propagate from the electrode to the end of the pipe increased. Meanwhile,
radient

a flocculent flame formed at the end of the pipeline with a blockage ratio of 91%. Additionally, the
maximum flame propagation speed changed in the same way as the blockage ratio. The gradient
change of the barrier blockage ratio considerably influenced the pressure kinetics characteristics
of LPG explosion: the maximum explosion pressure increased first and then decreased, the time
to reach the maximum explosion pressure increased, and the deflagration index increased first
and then decreased. The chemical kinetics analysis of premixed gas showed that when propane,
n-butane, and isobutane were present in the premixed system, some of the elemental reactions that
promote n-butane consumption inhibited propane and isobutane consumption. Meanwhile, the
formation and consumption rate of H* O*, and OH* from LPG during the explosion process
was less than that of single-component combustible gas except propane.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

* Corresponding author at: College of Safety Science and Engineer-
ing, Liaoning Technical University, Huludao, Liaoning 125105, China.
E-mail address: qiaozhenglong0927@163.com (Z. Qiao).

Liquefied petroleum gas (LPG) is a clean, efficient energy source and
has been widely used in the chemical industry and for civil applications
(Zhang et al., 2017). LPG mainly comprises propane and butane, and
then ethane, propylene, propyne, and ammonia (Huo and Chow,
2017). A systematic explosion resulting from LPG can cause consider-
able damage to life and property (Qian et al., 2021). When LPG leaks
or escapes from a pressure vessel because of its low boiling point, it
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creates vapor that explodes upon encountering an external ignition
source. Therefore, the study of the combustion and explosion charac-
teristics of LPG is focuses on improving its fuel utilization rate.

The discussion on deflagrant flame propagation characteristics in
pipelines can be traced back to the work of Mallard et al. (Mallard
et al., 1883). Ellis et al. (Ellis and OCde, 1928) first discovered the
“tulip” flame form produced by premixed gas explosion in a confined
space. The formation of a “tulip” flame mainly consists of four stages:
hemispherical flame, fingertip flame, flat flame, and “tulip” flame, and
Clanet et al. (Clanet and Searby, 1996) developed mathematical mod-
els for each stage. Subsequently, many scholars have explored the pos-
sibility of influencing flame propagation and diffusion, notably
Rayley-Taylor (RT) (Starke and Roth, 1986) instability, Kelvin—
Helmholtz(KH) (Wang et al., 2021) instability, and Darius—Landau
(DL) (Dold and Joulin, 1995; Matalon and McGreevy, 1994;
Larrouturou et al., 1993; Gonzalez et al., 1992; Luo et al., 2021)
instability.

Several other studies have investigated the combustion and explo-
sion of LPG. Huo et al. and Liao et al. (Huo and Chow, 2017; Liao
et al., 2005) studied the propagation characteristics of laminar and tur-
bulent flame during LPG/air deflagration. They noted that the flame
propagation rate is related to the turbulent combustion rate and diffu-
sion rate per time, whereas the laminar flame speed is related to the
LPG/air equivalent ratio and dilution rate. Razus et al. and Huzayyin
et al. (Razus et al., 2009; Huzayyin et al., 2008) investigated the effects
of different equivalent ratios, initial pressure, and initial temperature
on the explosive characteristics of LPG. They found that these factors
considerably influenced the explosion pressure parameters. Lee et al.
and Zhang et al. (Lee et al., 2012; Zhang et al., 2017) conducted tests
and numerical simulations on the explosion performance of LPG, and
they analyzed the explosion characteristics by considering the explo-
sion overpressure, explosion pressure rise rate, and explosion flame
propagation speed. The authors found that the flame velocity and
overpressure increased with increasing equivalent ratio and mixing
ratio of DME to DME-LPG. For enclosures with an exhaust port,
the dynamic pressure generated by the indoor LPG explosion exceeded
the exhaust port, regardless of whether obstacles were in the enclosure.

On the effect of obstacles on explosion flames, the literature has
mainly discussed the structure, number, and blocking ratio of obstacles
(Chen et al., 2016; Moen et al., 1982; Park et al., 2008; Wan et al.,
2019; Wang et al., 2021). For example, obstacles with mutated edges
(e. g., squares and triangles) greatly accelerate flame propagation more
than circular obstacles (e.g., a smooth surface) do (Nguyen et al., 2021;
Wang et al., 2017; Yu et al., 2016). The distance between obstacles and
pores also influences the degrees of turbulence (Chen et al., 2017).
Additionally, an increase in the number of obstacles increases the
deformation and pressure of the flame front; however, when the num-
ber of obstacles reaches the limit, a change in overpressure no longer
applies (Hall et al., 2009; Lv et al., 2016; Na’inna et al., 2013). The
blocking rate of obstacles also affects the speed of flame propagation
in the pipeline. In general, an increase in the obstacle blocking rate
increases the peak velocity of the flame front, intensifying the coupling
effect between the flame and vortex (Li et al., 2017). Li et al. (Li et al.,
2017; Wang et al., 2020) discussed the influence of different obstacle
parameters on the combustion of methane (hydrogen)/air mixture, lay-
ing a theoretical basis for further investigating the flame diffusion
mechanism in the pipeline.

Previous studies have shown that obstacles have either inhibition or
enhancement effects on the explosion characteristics of premixed gas
(Bartknecht, 2012; Wang et al., 2020). Generally, obstacles consider-
ably affect the detonation performance of premixed gas, increasing
the degree of explosion risk of premixed gas (Qiao et al., 2022). How-
ever, the flame diffusion and pressure characteristics of LPG/air defla-
gration under the influence of obstacles are not well understood.
Therefore, experimental and numerical simulations were conducted
in this study to investigate the deflagration behavior of premixed
LPG/air mixtures by examining the gradient change of the barrier
blockage ratio. The effects of blockage ratio on flame propagation

characteristics, combustion time, explosion pressure, and deflagration
index were determined and analyzed. Despite extensive studies on
the explosion mechanisms by which blockage ratio affects combustible
gases, details of the explosive behavior of the gradient variation in the
obstacle blockage ratio in the LPG/air mixture remain unclear. Hence,
we conducted a series of experimental and numerical simulations of an
LPG/air mixture explosion with a barrier blockage ratio gradient
change in the pipeline; the LPG/air equivalent ratio was 1. The results
showed that as the blockage ratio gradient increased, the flame mor-
phology, flame propagation speed, and overpressure dynamic charac-
teristics varied. The results of this study are of crucial significance to
the transportation and storage of LPG. Meanwhile, the results also
lay a foundation for studying the explosive behavior of other com-
bustible gases in obstacles scenarios.

2. Materials and methods

2.1. Experimental materials

The experimental gas was provided by Ping An Gas Co., Itd. of
China, and the gas was used to determine the composition and
explosion limit of LPG. The results are presented in Table 1.
The compressed air composition was 21 % oxygen and 79 %
nitrogen. Fig. | illustrates the obstacle used in the experiment;
the thickness was 1 mm (the influence of obstacle thickness on
the experimental results was not considered), and the distance
between the center of the circular hole was 12 mm. Table 2 pre-
sents the environmental conditions of the experiment.

2.2. Experimental device and methods

The experimental setup is illustrated in Fig. 2 and consists of
six parts: explosion pipeline, pressure data acquisition system,
high-speed camera, gas distribution system, remote ignition
system, and synchronous control system. The premixed gas
was ignited by a spark discharge. The diameter of the electric
spark was 2 mm, the energy was 800 mJ, and the duration was
1 s. The inner diameter of the pipe was 100 mm while the outer
diameter was 110 mm. Qiao et al. detailed this equipment in
their work (Qiao et al., 2022).

Before the experiment, compressed air was fed into the
explosion pipe, displacing the air in the pipe. The valve was
closed, the pipe was sealed with polyethylene film, and the
experimental gas was prepared according to Dalton’s partial
pressure law. Subsequently, the circulation system was opened
for 180 s to ensure that the gas spread uniformly to all parts of
the pipeline. After the gas cycle, the gas was allowed to stabi-
lize in the pipeline for 10 min (Alharbi et al., 2014; Razus et al.,

Table 1 LPG composition and explosion limit.

Gas components Volume fraction (%) Explosive limit (%)

UFL LFL
Ethane (C,Hyg) 0.03 12.95 2.65
Propylene (C3Hyg) 1.13 2.03 11.12
Propane (C3Hg) 28.59 2.13 9.54
Butene (C4Hg) 1.56 1.62 10.09
n-Butane (n-C4H,o) 22.77 1.96 8.58
i-Butane (i-C4H¢) 44.67 243 10.47
Ammonia(NHj3) 1.25 15.71 27.45
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Condition2

Conditionl
Fig. 1

Table 2 Experimental environ-
ment parameters.

Parameter Value
Temperature 24 °C
Atmospheric pressure 101.3 Pa
Air humidity 80 %
Oxygen concentration  20.8 %

2019). Before ignition, a gas concentration meter was used to
measure the concentration of LPG in the pipeline. As LPG
mainly comprises propane, n-butane, and i-butane, the volume
fraction of propane and butane in the pipeline was measured
by a gas concentration meter before the experiment. When
the volume fraction of propane and butane was 3.1 %
(£0.1 %) and 0.97 % (£0.1 %), respectively, the next step
was performed; where the value was not reached, the above
process was repeated. The process was performed three times
for each working condition, and the error bar was used to
express the standard deviation of the test results.
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Polyethylene film 'pe

Pressure sensor .
o —

I I
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i i
Explosion tube] ]
i i
] 1
1 1

Data collection card

Line splitter

PVC barrler Pipel

Condition3 Condition4

Experiment conditions.

2.3. Flame image processing method

The Canny algorithm was used for the binary processing of the
flame images at different time points. The flame propagation
speed was calculated using the location coordinates of the
white pixels representing the flame front.

(1) Maximum displacement distance of flame front

First, the flame image is gray-scale and binarized by a cyclic
function. The boundary of the flame region is determined by
obtaining the flame edge, and a trigonometric function is used
to measure the distance between all white pixels of the flame
front and the electrode. The maximum value of the result cor-
responds to the position of the flame tip, as shown in Fig. 3.

(2) Calculation of maximum flame propagation speed

The position of the flame tip at the current and previous
moments is used to calculate the maximum propagation speed
of the flame at the current moment. The formula is as follows:

Xppl — Xp
Vf:JrT (1)

Pressure gauge

High-speed camera

Vacuum pump
PC -

Air LPG

Fig. 2 Schematic of the experimental system.
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Fig. 3 Position of flame front at different times.

where v¢ is the propagation speed of the explosion flame,
ms™'; x,. is the horizontal position of the flame tip in the
pipe at the current moment, m; x, is the horizontal position
of the flame tip in the pipe at the last moment, m; and Az is
the difference between the corresponding time of x,.; and
Xn, S.

(3) Blockage ratio calculation

The ratio of the obstacle area to the cross-sectional area of
the pipeline is typically used to represent the barrier blockage
ratio ¢:

SBR
— 28R 2
¢=, (2)

where Sggr is the obstacle area, m?; and S, is the cross-
sectional area of the explosion tube, m2.

3. Numerical model

3.1. Physical model and meshing

Four kinds of straight cylindrical tubes were used in the
numerical calculation (Fig. 4): one semi-closed pipe without
obstacles and three semi-closed pipes with obstacles. The pipes
were sealed at one end and completely open to the atmosphere
at the other. For the obstacle pipelines, porous jump boundary
Conditions were used to simplify the porous region on the
obstacle. Owing to the finite thickness of the obstacle, the pres-
sure variation was defined as a combination of Darcy’s law
and the additional inertia loss term:

K L
Ap=—[= Y= A
V4 (av—i-C_zpv) m (3)

where p is the laminar fluid viscosity, « is the medium per-
meability, C, is the pressure step coefficient, v is the velocity
perpendicular to the porous surface, p is the fluid density,
and Am is the medium thickness.

Meanwhile, the pressure change can also be expressed as:

Ap =k (%) (4)

where

k= [0.707(1 —N%T 4 *fr% (5)

orous Jump Boundary Conditions
At aE PP Y
AR 4

Conditionl Condition2 Condition3 Conditiond

Fig. 4 Physical model and multi-space region simplification.

. D> x 8.5

f=— (6)

1 X C

where k is the loss factor, f is the opening rate, D is the
diameter of the circular hole, ¢; is the center distance of the
transverse circular hole, and ¢, is the center distance of the lon-
gitudinal circular hole.

According to Egs. (3), (4), (5), and (6), the value of the pres-
sure jump coefficient C, of the obstacle in the experiment is
3241.47.

In the large eddy simulation, the physical diffusion at the
subnetwork scale decreases as the mesh size decreases. There-
fore, no strict “grid independence™ exists in large eddy calcula-
tions. In the calculation, the grid scale should be reduced as
much as the accuracy and time cost permit. However, in prac-
tice, limited computing resources make it necessary to test the
grid independence. The grid generation in this study was also
based on independence testing. All four physical models used
hexahedral grids. The grid size was 1.5 mm, and the total num-
ber of grids was 1.553 million, 1.582 million, 1.591 million, and
1.591 million, respectively, for Conditions 1 to 4.
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3.2. Sublattice combustion model

The governing equation for the large eddy model was devel-
oped using the Favre filter for the mass, momentum, energy,
and component conservation equations. The control equation
of the large eddy model was obtained similarly and coupled
with the constitutive equation and the equation of state. The
component migration equation was reconstructed in the form
of the migration equation for the reaction progress variable c,
which is defined as the normalized sum of the mass fractions of
the product components. For example ¢ = 0, where the mix-
ture is not burned, and ¢ = 1, where the mixture is completely
burned.

c= Zkak(yk - Y;:) _ YL'
PUEACED IR

(7)

where u represents the unburned reactant, Y) represents
the mass fraction of the kth substance, and the superscript
eq represents the chemical balance; o, is the reactant
constant.

The sublattice combustion model used in this study was the
power-law flame wrinkle model proposed by Charlette et al
(Charlette et al., 2002). The sublattice reaction rate was mod-
eled by the following formula:

S. = p,SiEalV ¢| (8)

where p, is the density of unburned gas, S; is the laminar
flame speed, and =, is the sublattice fold coefficient. To con-
sider the coupling between flame development and unresolved
scale turbulence, the sublattice fold coefficient was modeled by
the following formula:

EA={1+min {?,F(Q,Q,Rq)g]}ﬁ 9)
Ol ®
r(%,%,ReA) - {[ R I ;;-4}1/1'4 (1)
)R
B

9 3 /2 12
Jre = [5 exp (_§C/<7Z4/3R8Zl):| X REA/ (14)
/ A
2 =0.6+02exp (—0.1%2) —02exp (-0.012 (15)
S, 5

where f is a constant; 4 is the filter size, set to 4 = vy
is the cell volume; Cy is Kolmogorov constant; d¢is the laminar
flame thickness, d; = 4v/S,, and v is kinematic viscosity; Re, is
the sub-grid turbulent Reynolds number; I' is an effective
equation to describe the stretching effect of all turbulence
scales smaller than the filter size 4.

3.3. Boundary conditions

In the numerical simulation, the outlet boundary was the pres-
sure outlet, and the rest was the wall boundary. The near wall
function uses the Werner—Wengle function. The combustible
gas was filled in according to Table 1 before ignition. The sim-
ulated initial temperature and pressure were 297.15 K and
101,325 Pa, respectively. The spark mode was used for igni-
tion, with an ignition radius of 2 mm and ignition energy of
800 MJ.

4. Results and discussion

4.1. Flame structure and shape evolution

Fig. 5 (a) illustrates the change in flame front under different
working conditions. Under all conditions, the flame was simi-
lar before crossing the barrier; that is, it changed from spher-
ical flame to “fingertip” flame (Yao et al., 2021). When LPG/
air was ignited, the initial flame expanded around the electrode
to form a spherical flame. Then, when the flame reached near
the pipe wall, the combusted gas at the flame skirt pushed the
flame and unburned gas forward because of thermal expan-
sion. Meanwhile, the flame could not move in the vertical
direction because of the restriction of the pipe wall. Therefore,
before the flame reached the obstacle, the flame front main-
tained the “fingertip” shape.

Under Condition 4, when the pipe was empty, the flame
behavior was similar to the initial behavior. When the flame
entered Pipe 2, the flame spread in a “fingertip” shape. Owing
to the membrane breaking effect, the pressure generated by the
explosion was released, accelerating the gas reaction rate. Until
34.5 ms, the front end of the flame gradually tended to assume
a flat shape, and the flame brightness decreased considerably.
At 35.5 ms, the flame on both sides of the pipe axis moved
toward the axis. The flame shape became similar to “tulip”
at 36.0 ms. The formation of this flame pattern is related to
RT instability. When the polyethylene film at the end of the
pipe was torn by the pressure inside the pipe, the gas density
inside the flame and the gas density in front of the flame front
changed in different ways under the effect of thermal expan-
sion and the split flow at the end of the pipe. Thus, a strong
turbulence effect was created, making the flame center sink
inward and forming a ““tulip like” flame.

However, as obstacles reduced the cross section of the pipe,
the flame gradually elongated after passing through the obsta-
cles, and then spread to the pipe wall at a certain position of
the pipe. This is because the shape of the flame near the obsta-
cle is determined by the thermal expansion of the burned gas
driving the flow of the unburned gas (Zheng et al., 2022).
When the blockage rate of the obstacle increased, the ability
of the thermal expansion to drive the unburned gas increased,
and the movement distance of the unburned gas along the
pipeline axis increased. Therefore, the flame lengthening dis-
tance increased.

Under Condition 1, when the flame spread toward the pipe
wall in Pipe 2, the flame was flocculent, and the flame had a
reverse propagation in the Pipe 2. The flocculent appearance
resulted from the interaction between the edge of the obstacle
and the vortex separated from the flame (Wang et al., 2022).
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Barrier

(@) Expenmental image

Fig. 5

Reverse flame propagation is the result of the reverse move-
ment of unburned gas in the tube driven by the thermal expan-
sion of the diffusion flame.

Under Condition 2, when the flame diffused to the pipe wall
through the obstacle, a “torch” flame shape appeared. This
observation is different from the triple flame formed in a con-
fined space (Wu et al., 2022). When air flows through an obsta-
cle, a turbulent shear layer forms on the surface of the
obstacle. A shear layer prevents the internal unburned gas
from burning. Meanwhile, a circulation area is formed on
the shear surface. The film breaking effect stops the flame from
moving along the shear surface to the obstacle to form a triple
flame, but it continues to spread to the end of the pipe.

Under Condition 3, the blocking rate of obstacles
decreased, increasing airflow through obstacles. Therefore,
the flame did not stretch after passing through the obstacles.
As the flame approached the obstacles in the form of a “fin-
ger,” the flame at the axis first passed through the obstacles.
Therefore, under this working condition, the shape of the
flame passing through the obstacle was conical.

To observe the three-dimensional structure of the explosion
flame front, the equivalent surface of process variable ¢ = 0.1
was selected to approximate the premixed flame front (Li et al.,
2022) (Fig. 5 (b)). A comparison of the experimental photos
shows that the large eddy current simulation results were con-
sistent with the experimental results. In addition, the power-
law model successfully reproduced the phenomenon of the
“tulip like” flame front in the obstacle-free condition and the
fold of the flame after passing through the obstacle in the
obstacle-free condition.

Under Conditions 3 and 4, a comparison of the experimental
and simulation results shows that the fold degree of the flame
under the experimental conditions was greater than that of the
simulation results. Additionally, the time required for the flame

"~

|

e — — i —— - —

Sime 32Sme BSme

(b) Simulation image

Explosion flame propagation process at different conditions.

to reach the outlet from the electrode was lesser in the experi-
ment. The main cause of errors in the large eddy simulation
was the amplification effect of the WALE subgrid filtering; no
errors were observed in the gas component detection.

4.2. Flame propagation speed

The change rule of the flame front position illustrated in Fig. 6
can be calculated using equation (1). The colored annotation
in the figure indicates the location of the obstacle. This study
focused on determining how the change in gradient of the
blockage rate of obstacles in the pipeline affects the explosion
of LPG/air; thus, Fig. 6 only illustrates the propagation of the
flame before it reaches the end of the pipeline.

250 T T T T

—@— Conditionl-experiment 215.77
—@— Condition2-experiment 0\

200 | —9— Condition3-experiment / b
&180.95

—@— Condition4-experiment
== Condition1-simulation
150 | —9= Condition2-simulation
== Condition3-simulation
Condition4-simulation

v/m-s?

100

50

0 b
0.0 0.1 0.2 0.3 0.4 0.5

Position/m

Fig. 6 Flame tip front propagation speed at different position.
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Fig. 6 shows that the flame speed changed in the same way
upon reaching the position of the obstacle, regardless of
whether an obstacle was in the pipe. The flame propagation
speed fluctuated from 0 to 0.25 m into the pipe, and the vari-
ation range was small. Except under Condition 4 (without an
obstacle), the blockage rate of obstacles in the pipe affected
the maximum flame propagation speed in the pipe. Under
the experimental conditions, the maximum flame propagation
speed under working Conditions 1 and 2 was 4.96 m/s and
9.57 m/s, respectively, in the pipe. Compared with Condition
4, the value decreased by 62.4 % and 27.5 %, respectively.
Under the simulated conditions, the maximum flame propaga-
tion speed in the pipe was 9.10 m/s and 10.06 m/s. Compared
with Condition 4, the value decreased by 33.4 % and 26.4 %,
respectively. Thus, when the blockage ratio of the obstacle was
0.91 and 0.75, respectively, in this experiment, the obstacle
reduced the burning rate of the mixed gas between the elec-
trode and the obstacle. On the contrary, under Condition 3,
the maximum flame propagation velocity of the 0-0.25 m
range of the pipe was 14.77 m/s and 15.56 m/s, respectively,
which was 11.9 % and 13.7 % higher than that of Condition
4. Thus, when the blockage ratio of the obstacle was 0.55,
the obstacle increased the maximum flame propagation speed
in the pipe section.

Under the same blocking conditions, the difference between
the maximum flame propagation speed of the experiment and
the simulation was 34.82 m/s, 6.12 m/s, 9.49 m/s, and 6.44 m/s,
respectively, and the relative errors were 6.13 %, 3.73 %,
7.25 %, and 6.38 %, respectively. The average relative error
between the experiment and simulation was 8.37 %. Regarding
the time to reach the maximum flame propagation speed, the
difference between the experimental results and simulation
results was mainly caused by the neglect of wall heat transfer
in the numerical simulation. Hence, the reaction speed of the
gas in the simulation process was higher than that in the exper-
iment, increasing the flame propagation speed. However, when
the flame passed through the obstacle, the change in the flame
propagation speed was more obvious. The maximum propaga-
tion velocity of the flame in the 0.25-0.5 m range of the pipe
increased with increasing blockage ratio gradient of obstacles.
The maximum flame propagation speed increased by 91.6 %,
67.2 %, and 28.6 %, respectively, comparing the values under
Conditions 1 to 3 with that under Condition 4 in the experi-
ments. Similarly, the simulation results increased by
113.8 %, 62.5 %, and 29.8 % respectively. Fig. 7 shows that
the change trend of the maximum flame propagation speed
growth rate is the same as that of the blockage rate of obsta-
cles. It can be observed from the figure that when the flame
passed through the obstacle, the gradient of the blockage ratio
of the obstacle increased, and the growth rate of the maximum
propagation speed of the flame also increased.

4.3. Comparative analysis of explosion pressure

Fig. 8(a) shows the explosion pressure curve of LPG/air mix-
ture under different experimental conditions. It can be
observed that the change trend of the pressure time curve
was the same in each group of experiments. Additionally, the
placement of obstacles in the pipe increased the maximum
explosion pressure monitored by the pressure sensor at the
end of the pipe.
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Fig. 7 Variation of maximum flame propagation speed growth
rate with blockage ratio.

The maximum explosion pressure P, and deflagration
index Kg are important indicators of the explosive intensity
of premixed gas (Li et al., 2012; Nie et al., 2014). Fig. 8(b) illus-
trates the P, value at the end of the pipe during the explo-
sion of LPG/air under different working conditions. The
figure shows that the P, value of the obstacle-placement
experiment was greater than that of the barrier-free experi-
ment. Hence, the obstacles accumulated the pressure generated
by the explosion. This is because, during pressure accumula-
tion, the pressure wave exhibits diffraction, refraction, reflec-
tion, offsetting, superposition, and other behaviors. These
behaviors have slight influence on the combustion rate of pre-
mixed gas when the blockage rate of obstacles is small (operat-
ing Conditions 2 and 3); therefore, the value of P,,,, increased.
When the blockage rate of the obstacles was large (Condition
1), the pressure wave behavior mentioned above decreased the
combustion rate of premixed gas. The premixed gas in the tube
was not fully burned when the seal gas film broke. Therefore,
the Pnax value under Condition 1 was lower than that under
Conditions 2 and 3. According to the change in the blockage
ratio and the similarity of the position relation of the electrode,
obstacle, and sensor, the experimental results in Reference
(Luo et al., 2021) were compared with the experimental results
in this study. An observation of the variation trend of P
shows that the variation of P, is related to the blocking
probability. When the blockage rate of the obstacle increased
gradually, the value of P, increased first and then decreased
during the explosion of premixed gas. This variation trend is
similar to that reported in Reference (Luo et al., 2021). In this
study, Ppax reached the maximum at a blocking rate of 0.75; in
the Reference (Luo et al., 2021), P, reached the maximum at
a blocking rate of 0.6. This result shows that the effect of por-
ous obstacles on explosion pressure is smaller than that of flat
obstacles.

Fig. 8(c) illustrates the time required for the explosion pres-
sure to reach the maximum explosion pressure under different
experimental conditions. Fig. 5 shows that when obstacles
were added to the pipeline, the value of 7., increased with
increasing blocking rate of obstacles. Compared with the
barrier-free experiment, the 7,,,, values of the obstacle place-
ment experiment increased by 10.1 %, 10.6 %, and 12.0 %,
respectively. This was mainly because obstacles accumulate
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Fig. 8 Pressure dynamic parameters.

explosion pressure, reducing the reaction rate of key reaction
steps with high pressure sensitivity in a chain reaction.

Fig. 8(d) illustrates the deflagration index of premixed gas
during explosion under different experimental conditions.
The deflagration index Kg is crucial to the development of
industrial protective equipment and the application of anti-
explosion technology (Wang et al., 2020). The formula is as
follows:

dp
KG B (E) max . V%

where Kg is the deflagration index; (dP/dt)may is the maxi-
mum value of pressure change rate; and V is the volume of the
explosive pipe.

In the literature (Chen et al., 2016, 2017; Clanet and
Searby, 1996; Dold and Joulin, 1995; Ellis and OCde, 1928;
Gonzalez et al., 1992; Hall et al., 2009; Huo and Chow,
2017; Huzayyin et al., 2008; Larrouturou et al., 1993; Lee
et al., 2012; Li et al., 2017; Liao et al., 2005; Luo et al.,
2021; Lv et al., 2016; Mallard et al., 1883; Matalon and
McGreevy, 1994; Moen et al.,, 1982; Na’inna et al., 2013;
Nguyen et al., 2021; Park et al., 2008; Qian et al., 2021;
Razus et al., 2009; Starke and Roth, 1986; Wan et al., 2019;
C. Wang et al., 2021; Wang et al., 2017; Z. Wang et al.,
2021; Yu et al., 2016; Zhang et al., 2017), different explosion
containers were used for experimentation, so ¥'/* cannot rep-
resent the characteristic length of all containers. For long

(16)

straight pipes, V'3 is replaced with the ratio of pipe length L
to pipe diameter D. Therefore, equation (16) was modified in
this study:

o (@) ()

In the experiment, the pressure sensor is placed at the
end of the pipe; hence, we studied the explosion hazard of
the pressure sensor location. It can be seen from Fig. 8(d)
that the change in the deflagration index was related to
the blockage rate of obstacles. When the blockage rate of
the obstacles was 91 %, the deflagration index decreased
because of a reduction in the LPG/air reaction rate. When
the blockage rate of the obstacles was 55 %, the deflagra-
tion index was close to that of the barrier-free experiment.
Under this condition, the presence of obstacles did not affect
the deflagration index at the end of the pipe. When the
blockage rate of the obstacle was 75 %, the deflagration
index at the end of the pipe was significantly increased
under this working condition. It can be seen from Fig. 8
(b) that the risk of explosion of premixed gas in the pipeline
was the greatest.

If the uncertainty of the experiment is considered, the vari-
ation trend of Ppyax, fmax, and Kg would not change within the
error range. Additionally, the difference of each parameter is
less than 5 % in the three experiments under the same
conditions.

(17)
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5. Chemical kinetic analysis

The micro mechanism can be better revealed through the study
of the chemical kinetics of the mixture. Because LPG plays an
important role in the energy system, many chemical reaction
mechanisms have been proposed, such as GRI Mech3.0,
USC Mech2.0, Mehl mechanism, n-C4Hg Kin mechanism,
and Marinov mechanism (Fischer and Jiang, 2016). Some
scholars have verified the reliability of n-C4Hg Kin mechanism
on the chemical kinetics mechanism of ethane, propane, and
butane (Bagheri et al., 2020; Ranzi et al., 2014, 2015). The
combustible gases used in this study were ethane, propylene,
propane, butene, n-butane, isobutane, and ammonia; thus,
the n-C4Hg Kin mechanism was used for the chemical kinetics
analysis. The mechanism includes 159 reactants and 2,459 ele-
mentary reactions.

5.1. Sensitivity analysis

The results of the sensitivity analysis of propane, n-butane,
i-butane, and temperature during the explosion of LPG/air
mixture are illustrated in Fig. 9. It can be seen from Fig. 9 that
the main reactions promoting the consumption of propane,
n-butane, and isobutane during LPG/air explosion were
R5, R68, R75, R114, R177, R208, R226, R415, R449, R581,
R582, R593, and R1141. The reactions that promoted the for-
mation of propane, n-butane, and isobutane were R20, R37,

i,
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R141, R154, R381, R384, R411, R586, R597, and R618. Here,
R5, R37, R75, and R593 had the highest sensitivity coeffi-
cients. A comparison of the elementary reactions of the three
substances in the figure shows that the elementary reactions
promoting the change in propane and isobutane were consis-
tent, whereas the elementary reactions promoting the change
in n-butane were different from those of propane and
i-butane. Meanwhile, the same elementary reaction had oppo-
site sensitivity coefficients. This is because when propane and
isobutane were consumed in the system, elementary reactions
R326, R327, R330, R331, R332, R333, R343, R344, R583,
R585, R587, and R911 converted propane and isobutane to
n-butane (Fig. 10). In addition, when n-butane was consumed,
elementary reactions R20, R141, R154, R381, and R384 inhib-
ited the consumption of propane and i-butane.

By comparing the temperature sensitive and substance sen-
sitive elementary reactions in Fig. 9, we find that the tempera-
ture sensitive elementary reactions were the same as the
propane and isobutane sensitive elementary reactions, and
the signs of the sensitivity coefficients of the same elementary
reactions were opposite. For example, as shown in Fig. 9(a)
and 9(b), R124, R125, and R126 promoted the consumption
of propane and isobutane. As shown in Fig. 9(d), the sensitiv-
ity coefficients of these three elementary reactions were posi-
tive, promoting temperature rise. Hence, the consumption of
propane and isobutane in LPG increases the temperature of
the system. However, a comparison of the same elemental
reactions in Fig. 9(b) and Fig. 9(d) shows that the signs of

O, 1CH,
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Fig. 9 Propane, n-butane, isobutane, and temperature sensitivity.
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Table 3 Intermediate reactions.
Reactions Equation

R2 H, + O<=>H + OH

R3 H, + OH<=>H + H,0
RS H + 0,<=>0 + OH

R7 O + H,O<=>20H

RI15 H + HO,< = >20H

R24 OH + CO<=>H + CO,
R69 O + CH3;<=>H + CH,0
R122 O + CH,0<=>0H + HCO

the sensitivity coefficients of these elemental reactions
were consistent. Thus, the formation and consumption of
n-butane were synchronized with the increase and decrease
in the system temperature.

5.2. O*, H*, and OH* productivity analysis

In LPG explosion, the existence of free radicals sustains the
chain reaction, and O*, H*, and OH* are the main factors
affecting the change in chain reaction (Nie et al., 2017; Razus
et al., 2009, 2010). Fig. 9 shows that the main elementary reac-
tions controlling the change in sensitivity coefficients of different
substances are the same. Fig. 11 illustrates the yields of H*, O*,
and OH* of the main elementary reactions after an explosion
under the condition of equivalence ratio of 1 for combustible
gas. See Table 3 for detailed elementary reaction equations.

Fig. 11 shows that during the explosion of the LPG/air mix-
ture, the basic reactions that affected the generation and con-
sumption rate of free radicals were R2, R3, RS, R7, R15, R24,
R69, and R122. R2 and R7 increased the generation rate of
H*, and RS5 increased the consumption rate of H*. R5 was
the main elementary reaction to increase the rate of O* forma-
tion. R2, R7, R69, and R122 increased the consumption rate
of O*. R2, R5, R24, and R69 increased the production rate
of OH*, whereas R3 increased the consumption rate of
OH*. Compared with propane and n-butane, the formation
and consumption rates of H*, O*, and OH* in the same ele-
mentary reaction were slightly reduced. Compared with isobu-
tane, the rate of formation and consumption of three free
radicals increased slightly.

6. Conclusion

The flame propagation process, pressure characteristics, and chemical
kinetics characteristics of premixed LPG/air in long and straight pipes
were investigated using high-speed cameras and pressure sensors.
Meanwhile, numerical and chemical kinetic models of the pipe were
established, and the relationship between the flame front and eddy cur-
rent in the pipe were obtained. The main findings of the study are sum-
marized as follows:

(1) Before the flame passes through an obstacle, the shape of the
flame front and the change in the flame propagation speed
are similar. After passing through the obstacle, the flame is
stretched by thermal expansion and turbulence effects. As the
gradient of the obstacle blockage rate increases, the flame
stretching distance decreases. In addition, when the blockage
rate of obstacles is low, the flame forms a flocculent flame at
the end of the pipe.

(2) The maximum propagation speed of the flame increases as the
gradient of the blockage ratio increases. The change in flame
propagation velocity represents the influence of turbulence in
the pipe on the flame front. As the blockage rate increases,
the propagation velocity change of the flame after passing
through the obstacle becomes more intense, and the turbulence
intensity in the pipe becomes greater. The trend of flame accel-
eration and deceleration differs under different obstacle condi-
tions. RT instability is the main cause of turbulence in pipelines
with an obstacle, and turbulence increases the local combustion
rate of premixed gas by increasing the flame front area and
energy transfer. A higher combustion rate accelerates the flame
propagation and increases the flow velocity of unburned gas.

(3) When obstacles are added to the pipe, fmax and Py at the end
of the pipe increase, and the change in Kg depends on the
blocking ratio of the obstacles. This phenomenon is due to
the following factors. First, obstacles with a high blocking rate
accumulate pressure, reduce the combustion rate of premixed
gas, increase the pressure propagation time, and reduce the
value of (dP/dt)max- Then, the film breaking effect reduces the
pressure in the pipeline as well as the diffraction, refraction,
reflection, offset, and superposition of pressure waves.

(4) The existence of n-butane in LPG affects the consumption of
propane and i-butane in the system. Some elementary reactions
that promote the decomposition of n-butane inhibit the con-
sumption of propane and i-butane. Additionally, compared
with single-component combustible gas, the rate of generation
and consumption of H*, O*, and OH* of LPG during explo-
sion is generally lower than that of single-component com-
bustible gas. In the early stage of explosion, the reaction rate
of free radicals is reduced by adding some reactants to the com-
bustible gas to achieve the effect of explosion suppression.
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