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Abstract: In order to explore the influence of the side duct position and venting position on the
premixed combustion and explosion characteristics of methane/air, a premixed combustion and
explosion experiment of methane/air and a simulation of an explosion of the same size were carried
out in a tube with an internal size of 2000 mm x 110 mm X 110 mm. The results showed that the
side duct could change the flame structure and accelerate the flame inside the tube. The maximum
increase ratio of the flame propagation speed was 106.1%. The side duct had a certain venting effect
on the explosion pressure. For different position cases, when the venting film was placed over the
bottom section, the maximum overpressure first decreased and then increased. When the venting film
was placed over the middle section and the top section, the maximum overpressure first increased
and then decreased, and the change trend of the top section was stronger. Turbulence mostly occurred
inside the side duct when the venting film of the side duct ruptured. There is no linear relationship
between the maximum flame propagation velocity within the tube and the maximum turbulent
kinetic energy inside the side duct. The two had a relationship that could be fitted to the Gauss
function; the correlation coefficient R? was 0.836, and the minimum value was at (4767.72,17.918),
suggesting that the side duct had the best venting effect on the flame inside the duct at this maximum
turbulent kinetic energy. The analysis results of the influence of the location of the vent on the
maximum flame propagation velocity inside the tube are helpful for optimizing the layout design of
the underground space, reducing the combustion efficiency, and ensuring the safety of the process.

Keywords: side duct position; venting; methane/air; explosion characteristics

1. Introduction

A leakage of combustible gas, if it mixes with enough air to form a large-scale cloud
cluster within the explosion limit and if it is ignited in a local confined space, which would
cause a vapor cloud explosion accident, could result in serious casualties and property
losses [1]. In particular, vapor cloud explosion accidents in narrow confined spaces such as
tunnels, underground pipelines, and utility tunnels are more serious [2-4]. Therefore, using
a ventilation tube connected to the side wall for discharge could be a possibility to ensure
the safety of industrial processes and reduce the combustion efficiency and the danger of
explosions in subterranean spaces [5-7].

For the study of venting duct technology, Barknech, reporting on explosions, stated
that the duct could release combustion and explosion energy into a designated area [8].
However, he also discovered that at duct lengths of 10-20 m, flame propagation speeds
would exceed the speed of sound and may even cause the transition from deflagration to
detonation. Yan et al. used different lengths of long ducts in a closed cylindrical container
for venting experiments. It was discovered that the second pressure peak and an external
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explosion were caused by the flame igniting the unburned fuel that was washed out of
the tube by the pressure wave. The longer the length of the venting duct, the greater the
fuel concentration and the greater the secondary explosion intensity [9,10]. Ponizy et al.
conducted a series of studies on the flame dynamics in the exhaust vessel connected to the
duct and found that the length of the duct affects the turbulent mixing and increases as
the length of the duct decreases. At a lower duct length, there was a significant quenching
phenomenon in the tube [11-13]. However, a short venting duct that was immediately open
to the atmosphere may result in a greater pressure drop [14]. The above research showed
that the tube had a certain effect on the discharge process of the explosion in the container.
At the same time, in the process, different duct positions brought different discharge effects
to the connecting tube and container.

Experts and scholars had conducted a great deal of research on the side venting
characteristics of premixed methane-air combustion and explosion [15-18], but in actuality,
the position of the side venting port from the ignition source remained uncertain. Yan
et al. conducted experiments in a closed cylindrical container with a large aspect ratio and
discovered that the side vent closest to the ignition source performed better than the side
vent farthest from it [19,20]. Yu et al. and Wan et al. discovered that the side vent had
a greater venting effect on the flame propagation through the rectangular tube venting
experiment when the flame was in the early stages of accelerated propagation. The better
the venting effect was in a particular venting location, the closer the vent was to the ignition
source [21-23]. Similarly, Zhou et al. used the large eddy simulation model for a numerical
simulation and found that the side vent with a large size near the ignition end had a
large venting effect, and the deceleration effect of the side vent on the flame propagation
was positively correlated with the venting effect of the side vent [24]. Ajrash et al. used
side ducts to conducted an experimental study on the flame deflagration phenomenon of
large-scale tubes. They discovered that the side duct had a good venting effect and that the
location of the venting was significantly correlated with the flame- and explosion-driving
parameters [25].

The above research showed that the position of the side venting was one of the key
elements influencing the venting effect, yet research on the venting position of the side
duct mainly placed the position of the constraint surface at the end of the venting port, but
the position of the constraint surface in the side venting duct might appear at the junction
of the duct and the tube or might be inside the side duct. Therefore, this paper took the
side duct as the research object and used a self-built experimental platform combined with
a FLACS 9.0 software simulation to study the influence of different side duct positions and
venting positions on the flame propagation structure, flame propagation velocity, pressure,
and turbulent kinetic energy of methane combustion and explosion, so as to provide the
relevant technical basis for the specific application of the side duct.

2. Experimental Setup

Figure 1 shows an experimental platform for a methane-air mixed gas explosion,
which is mainly composed of five major systems: a data acquisition system, an ignition
system, a gas distribution system, a tube system, and various auxiliary facilities. Figure 2
shows the experimental tube. The experimental tube was placed horizontally. The exper-
imental tube had dimensions of 2000 x 110 x 110 mm internally, with a wall thickness
of 20 mm. In order to facilitate direct observation, the experimental tube material was
made of organic transparent glass. The experimental tube was semi-closed, and the closed
end was the ignition end. Before the start of the experiment, 0.1 mm polyethylene film
was used as the venting film to seal the open end of the tube and the venting port of the
side duct, which were named venting port A and venting port B, respectively, and the air
tightness inside the tube was ensured. The Alicat21 series mass flow controller was used
to control the gas outflow rate and to fill the gas. The range of the mass flow controller
was 0.5sCCM-6000sCCM, and the error range was within £0.5%. In order to stabilize the
methane volume fraction at 9.5%, the gas flow rate of methane was set to be 0.4 L/min,
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Mass flow controller

and the air flow rate was set to be 3.6 L/min. The pressure data acquisition system was
mainly composed of a pressure sensor, a signal amplifier, and a data acquisition box. The
positive pressure measurement range of the PCB113B21 series piezoelectric pressure sensor
was 0-1.38 Mpa, and the accuracy was 0.007 KPa. The pressure sensor was installed at a
distance of 600 mm from the closed end. A PHANTOM V1212-72G-C high-speed camera
with PCC 3.8 image processing software made up the image data acquisition equipment,
which was used to capture the evolution of the flame structure during the methane/air
explosion. The shooting frequency was set to 1000 fps. The ignition system was mainly
composed of a high-frequency pulse igniter, a pulse switch, and an ignition head. The
ignition device adopted a CNQ-10 high frequency pulse igniter, the ignition frequency was
6-12 times/s, and the ignition energy was 10 ]. After the mixed gas entered the tube, it was
ignited after standing for 60 s, and the ignition time was 1 s.
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Figure 1. Experiment system structure diagram.

Figure 2. Experiment tube.

It was essential to consider the positions of the side duct and venting film to assess
their impact on the characteristics of premixed methane/air combustion and explosion.
Front, middle, and end side ducts were placed at the side of the tube at x = 300 mm,
x= 1000 mm, and x = 1700 mm from the closed end. The side duct consisted primarily
of two ducts, each measuring 50 mm in length, and a bottom plate, resulting in a total
length of 120 mm and an inner diameter of 60 mm. This design aimed to facilitate the
installation of the venting film. According to the distance d between the venting film and
the end of the side duct, the venting films of the bottom, middle, and top sections were
named respectively, where d was 100 mm, 50 mm, and 0 mm, respectively. The equivalent
experimental case is presented in Table 1, where #1 represents the fundamental control
experiment, which involved a premixed gas explosion experiment conducted in without
a side duct. Every experimental group had been repeated three times to eliminate the
possibility of unexpected outcomes.
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Table 1. Experimental settings.
Side Duct Position
(Distance from the Closed End x)
Cases Without Duct -
Front Middle End
(300 mm) (1000 mm) (1700 mm)
End venting only #1 - - -

Venting position of side duct Bottom (100 mm) - #2 #5 #3

(Distance from the end of side Middle (50 mm) - #3 #6 #9
duct d) Top (0 mm) - #4 #7 #10

3. Experimental Results and Analysis

The following experimental data were acquired from the side duct explosion venting
experiment with the methane—-air mixture at a concentration of 9.5%.

3.1. Flame Structure Evolution

Figure 3 is the flame structure evolution diagram of each case. The flame structure
evolution under various cases varied, as could be seen in the image of the flame structure
evolution. In Figure 3b, the flame underwent alterations due to its interaction with the side
duct, leading to the venting of a portion of the flame through the side duct. This resulted
in a diminished luminosity of the #2 flame. The upper flame propagated faster than the
lower flame, and the flame shape gradually changed to form an upper inclined flame. The
analysis revealed that following the rupture of the film, there was a pressure differential
between the interior and exterior of the duct. This variance caused air from the side duct
enter the inside of the tube, where it combined with the unburned gas. This interaction led
to complete combustion, accelerated the gas flow, and directed the gas from the lower part
of the tube towards to the side duct. Therefore, the gas flow rate in the upper part of the
tube increased, resulting in the formation of an upper inclined flame. Simultaneously, it
could be observed from Figure 3c—j that the upper inclined flame phenomenon happened
after the flame flowed through the venting duct. However, the phenomenon was less
noticeable the further the side duct was from the ignition point.

L& 50ms

(6

1.5m 2m 0m 0.5m 1m 1.5m 2m 0Om 0.5m 1m 1.5m 2m

Figure 3. Flame structure evolution diagram of each case.
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3.2. Flame Propagation Speed

According to Figure 3, the flame front propagation velocity under different cases was
calculated in Matlab, and Figure 4 was obtained. Figure 4a—c show the variation data of the
flame front propagation velocity with time under different side duct positions. As can be
observed from Figures 3 and 4, the development trend of flame propagation velocity in each
case during the early stages of flame propagation is basically identical. After ignition, the
flame developed in a hemispherical shape, which increased the flame propagation speed.
Following that, the flame made contact with the tube wall, causing its speed of propagation
to slow down. The first peak was formed at about 15 ms, and the first velocity peak was
4.38 m/s in the case of no side duct. Turbulence developed after the flame made contact
with the tube wall, increasing the rate of local combustion and accelerating propagation of
the flame front again. After that, the turbulent flame was transformed into a finger flame,
and the flame propagation speed decreased. The second peak was formed at about 70 ms,
and the second peak was 8.75 m/s in the case of no side duct. Subsequently, due to the
rupture of the venting film, the flame propagation speed grew again under the induction of
external air. Compared with the case of no side duct, the flame front propagation velocity
was found to be higher at different cases with side duct. This indicated that the side duct
could significantly increase the flame propagation velocity.
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Figure 4. Flame front propagation velocity—-time variation under different cases.

The data presented in Figure 4 indicate that the side duct at the end of the tube have the
largest maximum flame front propagation velocity among the various side duct positions.
This was followed by the side duct at the middle of the tube and, lastly, the side duct at
the front of the tube. The maximum flame propagation velocities of the side duct at the
end of the tube were 29.06 m/s, 30.00 m/s, and 31.56 m/s, respectively. These values were
89.8%, 95.7%, and 106.1% higher than the case without side duct. Due to the side duct at
the end of the tube being far from the ignition point, the flame inside the tube had a longer
distance to accelerate when they reached the side duct.

For different venting film positions, when the venting film was located at the top
section of the side duct, the maximum flame propagation speeds of the front side duct
and the end side duct were the largest, which were 24.38 m/s and 31.56 m/s, respectively.
Compared with the case without side duct, the increase ratios were 59.2% and 106.1%,
respectively. The occurrence could be attributed to the formation within the side duct
during the development of the flame. Specifically, when the venting film was located at
the top section of the side duct, the turbulence generated was the largest, resulting in the
maximum flame propagation speed.

The flame front of the non-side duct was observed to have an acceleration trend after
130 ms, as seen in Figure 4. The acceleration trend observed was coupled with the flame
acceleration effect of the side duct. This led to an increase in the flame front propagation speed
of the side duct after 130 ms and formed the maximum flame front propagation speed.

However, when the side duct was located in the middle of the tube, the relationship
between the maximum flame propagation velocity exhibited a complete reversal compared
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to when the side duct was located in the front and end. It was 21.88 m/s, 20.63 m/s and
20.31 m/s, respectively. Combined with the flame structure evolution image in Figure 3,
it was discovered that the flame passes through the side duct in the middle of the tube
at a time of approximately 140 ms. Some of the flames were diverted into the side duct
due to the presence of unburned gas inside the side duct. The side duct had the maximum
space and unburned gas when the venting film was positioned at the top, which led to the
greatest amount of diverted flames. But, after 130 ms, it was in the development stage of the
maximum flame propagation speed. Due to the diversion of some flames, the maximum
flame propagation speed of the side duct in the middle of the tube was reduced. When the
venting film was located at the top section of the side duct, the flames were diverted most,
resulting in the lowest maximum flame propagation speed.

3.3. Explosion Overpressure inside the Tube

Figure 5 is the pressure changes of the side duct monitoring points Plwith time
under different cases. Observing the pressure curve without a side duct, the explosion
pressure fluctuated obviously. These fluctuations can be attributed to the rupture of the
PVC film and occurrence of secondary deflagration at the end of the tube. The pressure
curve displayed multiple peak characteristics, and the maximum overpressure at the P1
was 4.680 kPa. Comparing the pressure curve changes of no duct and duct cases, it was
obvious that the duct case had more pressure peaks than the no duct case. This difference
was due to the PVC film failure and secondary deflagration of the side duct. At the same
time, the data showed that the peak value of methane explosion overpressure with side
duct was lower than that without side duct, indicating that the side duct could release the
explosion overpressure.
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Figure 5. The pressure-time changes of P1 different cases.

Table 2 is the maximum overpressure of side duct under different cases. When the
pressure relief effect of side ducts at various positions was compared, the results showed
that the effects varied. The venting film at the bottom section provided the best pressure
relief effect when the side duct was positioned in the middle of the tube. The explosion
pressure of monitoring point P1 dropped by 1.565 kPa, with a decrease ratio of 33.4%.
When the side duct was located at the front and end of the tube, optimal pressure relief
was achieved by positioning the venting film at the top section. The explosion pressure
of the monitoring points P1 dropped by 1.697 kPa and 1.689 kPa, with a decrease ratio of
36.3% and 36.1%.

Comparing the maximum overpressure of different explosion venting positions,
Figure 6 shows the maximum overpressure diagram of each monitoring point under differ-
ent venting film positions. It was found that the maximum overpressure change trend was
the same under different monitoring points and different venting film positions.
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Table 2. The maximum overpressure inside the tube and the decrease ratio compared with the
non-duct case.

Case x/mm d/mm Pmax/kPa Decrease Ratio/%
#1 - - 4.680 -
#2 0 3.345 28.5
#3 300 50 2.993 36.0
#4 100 2.983 36.3
#5 0 3.115 33.4
#6 1000 50 3.424 26.8
#7 100 3.496 25.3
#8 0 3.351 28.4
#9 1700 50 3.087 34.0
#10 100 2.991 36.1
3.4 T T T
3.3 .
3.2 .
- |
= 3.1 .
3.0 1
2.97 —=— Bottom section T
—o— Middle section
2.8+ —+— Top section 7

Front Middle End
Side—duct Position

Figure 6. Maximum overpressure at different venting film positions.

When the venting film was located at the bottom section, the maximum overpressure
first decreased and then increased. When the side duct was located in the front of the tube,
the presence of a specific wall thickness between the bottom of the duct and the inside
of the tube caused part of the shock wave to enter the side duct as it passed through the
front side duct. At this stage, the shock wave was so weak that it was unable to pass
through the venting film. Consequently, a reflected wave was generated, merging with
the forward propulsion wave in the tube and propagating to the end of the tube. When
the side duct was positioned in the middle of the tube, the strength of the shock wave
increased as it passed though the side duct. The venting film at the bottom section was
broken, the pressure was released from the side duct, and the pressure release effect was
increased. Both the strength and the velocity of the shock wave rose continually when the
side duct was at the end of the tube. After the shock wave broke the venting film at the
bottom section, the end of the tube venting film was likewise a failure soon after. Most of
the shock waves were released from the end of the tube under the induction of inertia and
the end venting port, so that the venting effect of the end side duct was poor.

When the venting film was located in the middle section and the top section, the
maximum overpressure first increased and then decreased, and the change trend of the top
section was stronger. A part of the shock wave entered the side duct when side duct was in
the front position and passed through it. The presence of unburned gas inside the side duct
led to the induction of the flame into the side duct by the shock wave. This process further
strengthened the shock wave, causing a rupture of the venting film and resulting in the
formation of a venting effect. With the increase in the distance between the side duct and
the ignition source, the maximum overpressure increased continuously, and it was close
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to the non-duct case. With the increase in the flame propagation speed, the pressure relief
effect reduced because the time for shock wave passing through the side duct shortened.
Due to turbulence and the near distance between the side duct and the end of tube, the two
venting ports generated a combined effect, increasing the venting effect. There was more
unburned gas and space inside the side duct before the failure when the venting film was
positioned in the top section than when it was positioned in the middle section. The shock
wave was more easily accumulated and developed at the top section, and the venting effect
was increased after the rupture of the venting film of the side duct.

4. Numerical Simulation Analysis

In order to further observe the changes in pressure and turbulent kinetic energy in the
side duct during tube explosion, the characteristics of methane combustion and explosion
in the side duct under different cases were further studied by numerical simulation.

4.1. Geometric Model

Due to the extremely complex explosion process, this work provided several appro-
priate simplified assumptions in order to conduct a numerical simulation using FLACS
software: The gas in the confined space satisfied the real gas state equation. The specific
heat capacity of the combustion gas mixture changed with temperature, which satisfied
the mixing rule. The explosion process of combustible gas was a single-step reaction. The
explosion process was an adiabatic process, without considering the heat exchange between
the confined space and the outside environment.

The state parameters in the process of combustible gas explosion followed the three
equations of mass, momentum and energy conservation, and continuity equation and other
control equations. The governing equation could be expressed as Equation (1):

d d 9 O
5t P9+ 5 (puip) = 5= (T3 -) + 5y (1)

Among them, ¢ is the time, s; p is the density, kg/ m3; x; is the space coordinates, m; u;
is the velocity at the direction of x;, m/s; ¢ is the general variable; S, is the source term;
and I'y, is the diffusion coefficient.

Turbulence was calculated by a two-equation model, the k-¢ model. It was an eddy
viscosity model that solved two additional transport equations, which were kinetic energy
and dissipation of turbulent kinetic energy, defined as Equations (2) and (3) [26]:

0 0 _ 0 Heff ok

5; (0k) + aTci(P”ik) = axj( o axi) +G —pe )
4 O ouie) = 2 (Mesf 2 ot
5;(0e) + aTCi(Pqu) = axi( o axi) +GG—Cpp (©)

Among them, k is the turbulent kinetic energy, m?/s?; ¢ is the turbulent kinetic energy
dissipation rate, m2/s3; Hef 18 the effective viscosity, Pa's; C1, Cy, 0%, and o, are the model
constants, the value of which are 1.44, 1.92, 1.3, and 1.0, respectively; and G is the generating
term of turbulent kinetic energy.

4.1.1. Geometric Model and Parameter Setting

The geometric model was built according to the size of the experimental tube. A
semi-closed square tube with an internal size of 2000 mm x 110 mm X 110 mm was
established along the X-axis with the ignition point O (0,0,0) as the end point, and the wall
thickness of the tube was 20 mm. The simulation case configuration was consistent with
the experimental case.

(1) Monitoring point setting. In order to more accurately observe the relationship between
turbulent kinetic energy and time at a certain point in space, monitoring point P2 was
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set in the tube. To facilitate a more intuitive observation of the variations in turbulent
kinetic energy inside the side duct, monitoring point P2 was set at 25 mm from the
end of the side duct.

(2) Output variable setting. In order to facilitate the analysis of the change in methane
explosion characteristics in the side duct with time, it was necessary to set the rel-
evant 2D and 3D output variables and to select the turbulent kinetic energy as the
output variables.

(3) Boundary condition setting. The boundary conditions were Euler equations. The
initial temperature in the tube was 20 °C, the atmospheric pressure was 10° Pa, and
the gravitational acceleration was 9.8 m/ s2. In order to be close to experimental cases,
the type of venting film was “POPOUT”, and the venting pressure was set to 2 kPa.

(4) Explosive gas setting. To accurately replicate the conditions, a methane/air mixture
with an equivalence ratio of 1, where methane comprised 9.5% of the mixture, was
utilized. This explosive gas was then introduced into the tube.

(5) Ignition area setting. The ignition point was located in the center of the closed end.

4.1.2. Grid Independence and Model Accuracy Verification

The vapor cloud explosion simulation of FLACS has high precision and low error,
which could be used to simulate the explosion in a complex space [27]. The simulation
results for the methane—-air mixture explosion are extremely similar to the experimental
values, especially in confined space [28].

The experimental data and numerical simulation results without a side duct were
compared and analyzed. To confirm the grid independence and the accuracy of the model,
4 mm, 5 mm, 6 mm, and 7.5 mm grids were selected to compare with the experimental
results. Figure 7 shows the pressure-time curve under different grid sizes. It could be seen
that the four different grid sizes could better simulate the characteristics of methane/air
explosion pressure changing with time.

6 T - T
—s=— Experiment
—— 4mm

44 =+ 5mm

—v— Bmm

P/kPa

74 T T T T
0 20 40 60 80 100

T/ms

Figure 7. Pressure-time changes under different mesh sizes.

Table 3 shows the overpressure peak at the monitoring point P1 under different grid
sizes. Table 3 indicates the overpressure peak of the 5 mm grid size, which is 4.838 kPa
with a 3.4% calculation error. Compared to other grids, the calculation accuracy is higher,
indicating that the 5 mm grid is sufficient. Figure 8 is the geometric model and meshing
map under 5 mm mesh.
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Table 3. Overpressure peaks under different grid cases.

Cases Overpressure Peak/kPa Relative Error/%
Experiment 4.680 -
4 mm grid 5.895 26.0
5 mm grid 4.838 3.4
6 mm grid 5.321 13.7
7.5 mm grid 2.916 37.7

Figure 8. The 5 mm mesh geometry model and mesh generation diagram.

Combined with the analysis of Figure 7 and Table 3, the peak pressure of numerical
simulation using a 5 mm grid was basically consistent with the experimental results.
However, there was a discrepancy in the timing of the overpressure peak, which occurred
earlier in the simulation. The main reason for the error stemmed from the adiabatic process
of the explosion process, which neglected the heat exchange with the external environment.
Consequently, the peak overpressure time in the numerical simulation occurred earlier
than in the experiment date. But, on the whole, the predicted explosion pressure in the
numerical simulation was basically consistent with the experimental results. As a result, the
numerical model had great accuracy, and FLACS could be used to simulate the explosion
process of premixed gas in confined space.

4.2. Numerical Simulation Results and Analysis
Turbulent Kinetic Energy inside the Side Duct

When the explosion gas propagated in the tube, the propagation direction and velocity
gradient of the explosion gas flow changed due to various factors such as explosion shock
waves, flames, and obstacles, forming turbulence. The change in turbulent kinetic energy
with time reflected the net income and expenditure of turbulent kinetic energy, which
was an index to measure the development or decline of turbulence. The distribution of
turbulent kinetic energy within the side duct under various numerical simulation cases is
depicted in Figure 9. At the beginning of the explosion, turbulence appeared at the front
end of the flame front, but after the rupture of the side duct venting film, turbulence mainly
appeared inside the side duct. From Figure 9, it can be seen that the turbulent kinetic
energy would form a turbulent vortex on the right side of the side duct under different
cases. Therefore, the disturbance source can be considered to be the right inflection point of
the side duct. This disturbance source led the gas flow rate to increase inside the side duct,
inducing a large amount of tube gas into the side duct. A venting effect happened at the
same time the shock wave and flame in the tube entered the side duct.

Figure 10 shows the comparison data of the turbulent kinetic energy of monitoring
point P2 in different cases of side duct. In Figure 10, the side duct in front of the tube has
the highest turbulent kinetic energy under various position cases, and the side duct that
is closest to the ignition point has a higher turbulent kinetic energy. This showed that
the closer the ignition source of the side duct, the more unburned gas was released to the
outside. The unburned gas burned inside the side duct. The combustion process and the
gas flow interacted in a positive feedback coupling effect, leading to a continuous increase
in the flow field gradient, resulting in an increase in turbulent kinetic energy. In various
cases of venting film position, the turbulent kinetic energy in the front and end side ducts
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of the tube was found to be highest when the venting film was placed over the top section.
Conversely, the side duct placed in the middle of the tube exhibited the highest turbulent
kinetic energy when the venting film was placed over the bottom section. This observation
contrasts with the maximum flame propagation velocity inside the tube. It showed that
the maximum flame propagation velocity inside the tube would be affected by maximum
turbulent kinetic energy to a certain extent.
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Figure 9. Turbulent kinetic energy distribution inside the duct under different case.
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4.3. Coupling Relationship between Maximum Flame Propagation Velocity and Maximum
Turbulent Kinetic Energy

The side duct could obviously accelerate the flame inside the tube, and the turbulence
inside the side duct was one of the important factors affecting the flame propagation speed.
Figure 11 is the fitting curve of the maximum flame propagation velocity inside the tube
and the maximum turbulent kinetic energy inside the side duct.

32_. - = Date ]
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Figure 11. Fitting curves of maximum flame propagation velocity and maximum turbulent
kinetic energy.

As shown in Figure 11, the relationship between the maximum flame propagation
velocity inside the tube and the maximum turbulent kinetic energy inside the side duct
could be fitted as a Gauss function, as shown in Equation (4):

78412.992 (Kmax — 4764.043)2)

Vi = 34.940 — _
max 367559 x V73 P 6475995 626

()

Among them, Vpax is the maximum flame propagation velocity inside the tube, m/s
and Kpnax is the maximum turbulent kinetic energy inside the side duct, m2/s2. The
correlation coefficient R? of the fitting equation was 0.836, and the fitting was successful
and the fitting effect was good.

The curve fitting analysis indicated that as the turbulent kinetic energy increased inside
the side duct, the maximum flame propagation velocity inside the duct first decreased
and then increased. When the maximum turbulent kinetic energy inside the side duct was
4767.72 m? /s?, the maximum flame propagation speed inside the tube was the smallest,
which was 17.918 m/s. At this time, the side duct had the best effect on the release of flame
inside the tube.

The turbulent kinetic energy inside the side duct was affected by the side duct position
and the venting film position. According to the relevant experimental data in Figure 11, the
minimum value of the maximum flame propagation speed is 16.875 m/s. The side duct was
located 300 mm from the ignition point, and the venting film was located at the bottom of
the side duct. The maximum turbulent kinetic energy was 5221.510 m?/s2. Consequently,
the inflection point on the fitting curve, representing the minimum value on the fitting
curve, indicated that the side duct was located near 300 mm from the ignition point, falling
within the range of over 300 mm but less than 1000 mm.
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5. Conclusions

In this paper, methane—air mixed gas explosion experiments at different positions and
venting positions of the side duct were carried out to observe the flame structure, flame
propagation speed, and pressure changes inside the duct. On the basis of the experiment,
FLACS was used to simulate the turbulent kinetic energy inside the side duct under
different cases. Based on the experimental and numerical analysis results, the following
conclusions were drawn:

(1) Compared with the case without a side duct, the side duct could obviously accelerate
the flame inside the tube. Turbulence and flame velocity trends both had an effect
on the maximum flame propagation velocity within the tube. When the side duct
was located in the middle of the tube, the flame diversion phenomenon caused by
turbulence coincides with the acceleration trend inside the tube, which reduced the
growth rate of the maximum flame propagation speed under this case.

(2) When the venting film was located at the top section of the side duct, the pressure relief
effect of the front side duct was the best. For different position cases, when the venting
film was located at the bottom section, the maximum overpressure first decreased
and then increased. When the venting film was located in the middle section and the
top section, the maximum overpressure first increased and then decreased, and the
change trend of the top section was stronger.

(8) Turbulence mostly occurred inside the side duct when the venting film failure of the
side duct and the side duct formed a venting effect under the action of turbulence.
There is no linear relationship between the maximum flame propagation velocity
within the tube and the maximum turbulent kinetic energy inside the side duct. The
relationship between the two could be fitted as a Gauss function; the minimum value
was at (4767.72, 17.918), indicating that the side duct was located near 300 mm from
the ignition point; and the side duct had the best effect on the release of flame inside
the tube.
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