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The pipe structures and opening conditions have an important influence on gas
explosion, but little research has been done on the coupling analysis of the two. In
order to reveal the effect of pipe structure on the flammability characteristics of hy-
drogen-air premixed gas under end-opening conditions, the flame structure, flame
propagation velocity, explosion pressure and flow field distribution in the explosion
process of hydrogen-air premixed gas in different pipe structures were analyzed
by numerical simulation. The results show that the flame propagation velocity and
pressure are less influenced by the end-opening structure in the initial ignition
stage, however, when the flame propagates to the pipe end, the flame propaga-
tion velocity in each pipe structure is significantly enhanced. The 90° elbow has a
certain inhibitory effect on the flame development, while the T-shaped bifurcation
structure can effectively increase the degree of gas detonation. In pipe with large
aspect ratio, due to the wall effect, the effect of acoustic oscillation disturbance
on the flame front and the air-flow release effect of the end-opening, there are two
peaks and two troughs in the pressure rise rate curve of each pipe-line structure.

Key words: pipe-line structure, hydrogen-air premixed gas, flame propagation,
explosion overpressures, flow field

Introduction

Hydrogen, as a clean energy, is widely concerned due to its low energy level and
wide range of combustibility during ignition [1]. Pipe-line transportation is the main mode
of hydrogen transportation. However, due to the special physical and chemical properties of
hydrogen, carbon steel is prone to hydrogen embrittlement, and leakage and deflagration acci-
dents are extremely easy to occur during transportation, causing great damage to pipe-lines and
surrounding facilities [2-4]. Therefore, sufficient attention should be given to the issue of safe
storage and transportation of hydrogen.

Scholars in China and overseas have carried out a series of studies on explosion
propagation characteristics and flame propagation dynamics of hydrogen-air premixed gas in
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pipe-lines. In terms of pipe opening conditions, Yu et al. [5] conducted an experimental study
on the propagation acceleration of hydrogen-air premixed flame in a end-opening pipe. The
results show that the propagation state of the flame changes with the change of the hydrogen
equivalence ratio. Wen et al. [6] analyzed the influence of obstacles in the end-opening pipe
on the combustion characteristics of hydrogen-air mixture. The results showed that obstacles
promoted the acceleration of hydrogen flame in the experimental pipe section. In terms of pipe
structure, Uchida et al. [7] studied the influence of explosion wave on the internal pressure
of pipe-line in 90° elbow, and the results determined that the pressure load of elbow in two
positions was greater than that of straight pipe. One is the peak pressure at the outer edge of
the bend due to compression. The other is the second pressure peak caused by shear wave
propagation downstream of the elbow outlet. Li ef al. [8] studied the premixed gas explosion
process in a 90° elbow, and the results showed that the elbow structure has an influence on the
flame structure in the explosion process. Frolov et al. [9] studied the influence of the U-shaped
pipe structure on the combustion wave and reaction excitation in the pipe, and found that the
U-shaped elbow promoted the generation of excitation wave, but when the flame propagated
through the elbow, the combustion wave in the pipe attenuated. Zhou et al. [10-12] carried out
experimental and numerical studies on the combustion and explosion characteristics of hydro-
gen-air premixed gas in confined straight pipe and elbow under different equivalence ratios, as
well as the effects of ignition position (horizontal and vertical) and hydrogen addition on the
combustion and explosion characteristics of premixed gas in a 7-shaped bifurcation pipe. The
results showed that the maximum flame speed of most combustible premixed gases usually oc-
curs when the equivalence ratio is near 1. While hydrogen-air premixed gas is affected by Gra-
ham’s law in chemical reaction kinetics, the maximum flame speed occurs near 1.5 times the
equivalent ratio. the variation of flame propagation velocity and pressure with pipe length was
almost the same at different ignition positions, but the magnitude and position of the pressure,
the flame structure and the flow field were different. The addition of hydrogen had an obvious
effect on the explosion characteristics of the mixed gas. When the volume fraction of hydrogen
exceeded 10%, the strengthening effect of 7-shaped bifurcation structure on explosion reaction
was more significant.

According to previous studies, scholars in China and overseas mostly focus on the
influence of single factors such as equivalence ratio, ignition position and obstacles on flame
propagation characteristics of single pipe structure, while the research on combustion and ex-
plosion in pipes with complex structure and large length diameter ratio is in a minority. How-
ever, in addition straight pipes, elbows and 7-shaped pipes are also the most common forms
in pipe-line transportation systems. The wide application of tee, elbow, valve and other non-
straight components in industry also leads to the existence of many special pipe structures in
the pipe network. According to the current research results on pipes with complex structures,
both 90° elbows and 7-shaped structures in closed pipes can improve the explosion intensity,
but there are few research results on open pipes, and even fewer studies on the coupling analysis
of gas cloud explosion reaction under the joint action of end openings, elbows and 7-shaped
structures. In industrial sites, the end-opening pipes with external ignition sources are more
prone to accidental explosion than fully enclosed pipes, such as large area pipe damage due to
external force impact or weathering. As an important geometric feature, the opening condition
of the pipe also plays an important role in flame propagation [13, 14]. Therefore, the detonation
characteristics of hydrogen air premixed gas in straight pipe, 90° elbow pipe and 7-shaped
bifurcated pipe under end-opening conditions were systematically studied by numerical sim-
ulation. The changes of flame structure, flame propagation velocity, flow field and pressure in
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different pipe structures are analyzed by coupling. The research conclusion will reveal the flame
propagation mechanism in the combustion process of hydrogen air premixed gas, and provide
a theoretical basis for accident mitigation in the future.

Numerical model and verification

Previous studies of combustion processes have shown that the turbulence model has a
sufficient level of accuracy [15], which determined the choice of this model.

Numerical model

The explosion of premixed gas in a confined space is a complex combustion chemical
reaction process with strong turbulent flow, and the strong coupling between the flame front and
turbulent gas-flow contributes to the complex and changeable flame structure [16]. Therefore,
the LES model with Zimont sub-grid model in C equation is applied to reflect the premixed
flame reaction progress variables, C is a scalar representing the reaction process:
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Since the effects of 3-D pipe geometry and different flame disturbance factors on
flame acceleration are taken into account in LES model, the simulation results of fingertip
flame, tulip flame and deformed tulip flame are closer to the experimental results [17, 18]. This
model is suitable for complex strong pulsating turbulence, which can more clearly reflect the
variation characteristics of flame structure and flow field during combustion, especially for the
simulation of flame propagation in confined space [18-20]. The specific equations:
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By solving the transport equation of the density-weighted average reaction process
variables, the flame front propagation is modeled, and the RANS equation of the reaction pro-
cess variables averaged by the Favre filter:

%(,BEHV(,B%) =v[sicf[va]+§c (5)

In the formula, Sc, is taken as 0.7, the expression of S.:
S, =P,SE,|V¢ (6)
Numerical details

There are three types of pipe structures are used for 3-D numerical simulation, as
shown in fig. 1. They are, respectively straight pipe, 90° elbow pipe and 7-shaped bifurca-
tion pipe, with a diameter of 125 mm and a total length of 5.5 m. Large eddy simulation and
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: 55m . Zimont combustion model are adopted, PISO
@( Ignition source Open end ﬂ]g algorithm is selec.ted to couple Vel.ocity and
@ pressure, central difference scheme is adopted

for diffusion term, and second-order upwind
scheme is adopted for convection term. The
pipe end is set as the pressure outlet through
the boundary conditions, and the rest of the
boundary is adopted as the adiabatic wall con-
ditions. The time step is 0.1 ms. The hydro-
gen-air is fully mixed in the calculation area
(equivalence ratio is 1) to form a stable pre-
mixed gas at normal temperature and pressure.
The laminar flow velocity of the hydrogen-air
mixture is set to 2.1 m/s by evaluating with the
experimental data which is proposed by Lam-
oureux [21]. The ignition position is located at
the center of the left wall. The ignition energy
is 1 J, and the initial temperature and absolute
pressure are set at 300 K and 1.0 atm, respec-
tively. The commercial CFD platform FLU-
ENT 16.0 is used to perform the computation.
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Figure 1. Physical model; (a) the straight pipe,

(b) the 90° elbow pipe, and (c) the 7-shaped
bifurcation pipe

Mesh independence and model validation
Mesh independence verification

In numerical simulation, the calculation step size and grid size will affect the cal-
culation accuracy. In theory, the smaller the two, the higher the calculation accuracy, but this
also increases the calculation cost. Therefore, we
should try to balance the calculation cost and ac-
curacy in the process of grid generation. In this
paper, the calculation domain of the working
condition is the pipe with large length diame-
ter ratio, which is much larger than the ventila-
tion pipe with short diameter ratio. Therefore,
considering the calculation cost, four grid sizes
(1, 2, 3, 4, 5 mm) are used to analyze and veri-
fy the independence of the model. The results are
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Figure 2. Grid size comparison 4 mm X 4 mm x 4 mm

Model validation

The physical model is consistent with the explosion experiment system of square
tube with obstacles carried out by Lv et al. [22]. The cross-sectional dimension of the pipe is 0.1 m
% 0.1 m, the length of the pipe is 0.5 m, and the blockage rate is 0.5. The calculated results are
shown in fig. 3. In fig. 3(a), the evolution of the flame structure in the numerical simulation is
basically consistent with the experimental results, and the time of bifurcation flame is roughly
the same (shown by the red solid box). In figs. 3(b) and 3(c), the predicted flame velocity and



Zhou, N., et al.: The Effect of Pipe-Line Structure on the Flammability ...

THERMAL SCIENCE: Year 2023, Vol. 27, No. 4A, pp. 2677-2689 2681

overpressure by LES are slightly larger than the experimental results. The error of flame veloc-
ity and overpressure oscillation frequency between the calculated value and the experimental
data is about 7.21%. The main reason is that the cooling effect of the pipe wall is ignored in the
numerical simulation process. The predicted flame structure, flame propagation velocity and
overpressure are basically consistent with the experimental results, which verifies the reliability
of this model. The aforementioned results prove the applicability of LES in the calculation of
hydrogen turbulent combustion.
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Figure 3. comparison of experimental and simulated results;
(a) comparison of flame shapes, (b) comparison of flame propagation speed, and
(c) comparison of overpressure

Result and discussion

Flame propagation process and flow
field distribution in different pipe-line structures

The flame propagation process is mainly affected by the mixture composition and the
interaction between flame propagation and flow field structure [23]. Figures 4-6 show the flame
structure and flow field distribution in each pipe structure, and the instantaneous state of flame
propagation is reflected by different color. Blue represents the unburned area, red represents the
combustion area, and yellow-green represents the flame front. As seen in fig. 4(a), the flame in
the straight pipe expands freely at the beginning of ignition and propagates forward in a hemi-
spherical shape. After 4 ms, the flame propagates forward in a fingertip structure restricted by
the sidewall surface, and the surface area increases sharply, so the flame accelerates exponen-
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tially. When the flame skirt contacts the wall at 7 ms, the surface area quickly lost, resulting in
a sharp deceleration of the flame. After that, the flame maintains a stretched fingertip structure
and propagates until the pipe end. At 10 ms, fine symmetrical vortexes begin to appear near
the ignition end. The gradual development and concentration of vortices lead to the gradual in-
crease of turbulence intensity in the pipe. Higher turbulent kinetic energy accelerates the flame
propagation and combustion speed [23]. The farther the flame front is from the ignition end, the
more obvious the flame tip stretches, shown in fig. 4(b). The larger the contact area between the
unburned gas body and the flame front is, the faster the chemical reaction rate is, and ultimately
the flame propagation speed increases.
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Figure 4. Development process in straight pipe; (a) flame structure and
flow field diagram and (b) sectional view

As shown in fig. 5(a), the flame propagation of the premixed flame in the 90° elbow pipe
goes through four stages in a end-opening pipe as proposed by Clanet and Searby [24], they
are hemispherical flame unaffected by the wall, fingertip flame, flame in contact with the wall,
and classical Tulip flame, respectively. The flame propagates in a fingertip structure between
4 ms and 20 ms. The combined effect of the thermal-diffusive instability of hydrogen-air and
the shear flow near the wall surface promotes the chemical reaction be accelerated, during
which the flame skirt gradually contacts the wall. In 20 ms, the flame structure becomes flat.
Large-scale vortex clusters are observed near the lower wall of the pipe, and the reverse com-
panion flow appears at the axis position of the burned area (shown by the black dashed box,
fig. 5(a). At this time, the flame propagation velocity decreases slightly, as shown in fig. 7. Due
to the instability factors such as Darrieus-Landau (D-L) instability and Rayleigh-Taylor (R-T)
instability, the flat shape of the flame front cannot be maintained [25, 26]. Tulip structure ap-
pears at 30 ms, showing a four-tongue appearance at z-section, shown by the red dashed box,
fig. 5(a). Affected by many factors such as hydrodynamic instability and the interference effect
of reflected wave, the vortex flow lines near the flame front, shown by the black solid box, fig.
5(a) are dense, and the range involved is small. The thickness of the flame front is large, which
conforms to the characteristics of small-scale strong turbulent flame.

As the combustion proceeds, the flame front reaches the elbow of the pipe-line within
31-32 ms. When the shock wave enters the 90° elbow and propagates along the upper wall, the
concentrated reflection of the concave wall structure causes the shock wave to superimpose and
form a local high pressure region. In contrast, when the shock wave propagates along the lower
wall, the divergent reflection generated by the convex wall structure forces the local pressure
to disperse and to form a low pressure region, described in fig. 5(b). The flow field is formed
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in a specific direction because of the pressure difference, and it isolates the contact between
the flame tongue and the unburned gas body to a certain extent, reducing the gas combustion
chemical reaction near the concave wall [27]. Finally, the development of the flame tongue
and the tendency to fade out at the bend are both obviously inhibited. The flame propagation
velocity decreases again. Affected by the tensile effect of rarefaction waves near the lower wall,
the outer edge of the lower tongue of the flame is obviously elongated, winding the inner wall,
and dominating the flame propagation at the bend, as shown in the partial enlargement, see the
black dotted box, fig. 5(a). The flame propagates through the elbow to the end of the pipe with-
in 32-37 ms. Due to the continuous impact of multi-wave systems such as compression wave,
rarefaction wave and reflected wave at the elbow, the air-flow in the pipe is disturbed, resulting
in an obvious baroclinic effect at the elbow [28], which makes the air-flow in the pipe propagate
from the elbow to the pipe ends, respectively. As time increases, the turbulence intensity near
the flame front increases and the fold deformation becomes more and more obvious, as seen in
the sectional flame structure, shown by the blue dashed box, fig. 5(a), which eventually presents
a wedge tip structure, shown by the blue solid box, fig. 5(a). This structure is interpreted as
Squish front by Xiao et al. [17].
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Figure 5. Development process in 90° elbow pipe; (a) flame structure and
flow field diagram and (b) schematic diagram of the formation process of the
reflected shock wave on the surface of the elbow

Figure 6(a) shows that the premixed flame propagates forward with fingertip structure
in a 7-shaped bifurcation pipe from 2-8 ms, which is similar to the growth pattern of the straight
pipe and the 90° elbow pipe, but it takes the shortest time to propagate to 3.35 m. The reason is
that the propagation of flame is further promoted by the superposition of the air-flow release ef-
fect of the opening structure at both ends. At 15 ms, several small vortex clusters begin to form
at the ignition end, and gradually grow larger with the flame propagation, shown by black solid
box, fig. 6(a). At this time, the flame structure is still a regular fingertip type, its disturbance
on the flame structure is weak because the vortex is far from the flame front. About 19 ms, the
counterflow begins to appear in the burned area when the flame propagates to the bifurcation.
Due to the sudden expansion of the cross-section and the disturbance of the rarefaction and
reflected waves near the wall, the flame front begins to destabilize and forms a local turbulent
vortex motion, as a result, part of the unburned gas is wrapped in the vortex, as shown in III,
IV, fig. 6(a). The development, movement and fragmentation of the vortexs strengthen the com-
bustion reaction. Within 22-24 ms, the flame passes through the bifurcation, during which the
combustion rate sharply increases, the flame front folds and deforms, see sectional view, shown
in fig. 6(b), and a wedgetip structure appears in the T3 pipe section. This can be explained that
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the bifurcation is equivalent to the presence of a vent in the lower wall of the horizontal pipe
section, which can stimulate the flame propagation when it is located in front of the flametip
[29]. As the combustion proceeds, it can be seen that the flame development speed of T3 branch
is faster than that of T2 branch, and there is a flame discontinuity in T3 branch pipe, which is
caused by the superposition and reflection of the shear wave produced by the collision between
the pressure wave at the bifurcation and the wall. Furthermore, a local high pressure is formed,
leading to a larger pressure gradient and interfering with the stable development of the flame.
The split effect of T3 branch leads to a decrease of flame propagation speed in a short time.
The inflection point of the bifurcation wall is equivalent to an obstacle in the flow field, which
produces a disturbance and reflection of the air-flow and shock wave. Under the vortex motion,
the flame front propagates to the T2 and T3 branch pipes, respectively. The closer the flame to
the pipe end, the stronger the traction of the pressure outlet on the flame propagation, and thus
the faster the flame propagation speed develops.
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Figure 6. Development process in 7-shaped bifurcation pipe;
(a) flame structure and flow field diagram and
(b) pleat deformation of sectional flame surface

Variation law of flame propagation
velocity in different pipe-line structures

Figure 7 shows the flame propagation velocities for the open conditions at the end of
each pipe structure. It can be observed that in all cases, the oscillation changes of flame prop-
agation velocity in the initial stage (0~2.5 m) are roughly the same, showing a trend of rising
first and then falling, and the first peak values of velocity are reached successively in the 1~2 m
pipe section, indicating that the earlier flame acceleration mainly relies on the combustion chain
reaction of the premixed gas, and the flame propagation process varies less under different pipe
structures. Previous studies have shown that the contact between the flame and the pipe wall
causes part of the flame to be extinguished at the earlier stage, which weakens the combustion
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reaction rate of the gas to a certain extent. The aforementioned reasons, along with other factors
such as viscous dissipation, lead to the reduction of flame propagation speed after reaching the
first peak. When the flame propagates to 2.5 m, the flame propagation velocity changes signifi-
cantly in different pipe-line structures. The reflected waves generated by the wall restriction of
the precursor shock wave in the straight pipe meet the flame front, which increases the turbulent
kinetic energy in the pipe and further accelerates the flame propagation. After 2.5 m, under
the action of high temperature and high pressure of the precursor shock wave, the unburned
gas body in front is rapidly ignited and a large amount of energy is released. Then, the flame
propagation velocity rises rapidly and reaches the second peak. Since then, due to the excessive
stretching and mixing between hot and cold gases, the combustion rate and flame temperature
decreases, which leads to the decrease of flame propagation velocity [22]. As the flame propa-
gates to the open end, the pressure is relieved and thus the interference of the reflected waves
to the flame front is reduced. Therefore, the propagation velocity increases gradually, reaching
a maximum value of 500 m/s at the end of the pipe.

For the 90° elbow pipe structure, after the flame propagates to the first velocity peak
with the fingertip structure, the area of flame front begins to decrease. The flat flame is formed
at 2 m from the ignition end, where the flame propagation velocity decreases to the lowest.
Then, the flame front reverses with shape changing from convex to concave and finally forms
the tulip flame at 3 m, shown by the black dashed box, fig. 5(a). The special structure of the
tulip flame increases the contact area between the flametip and the unburned gas, at the same
time, the Kelvin-Helmbholtz (K-H) instability of the flame is triggered by the velocity difference
on the surface. The combined action of the special structure of flame and the K-H instability
promote the secondary acceleration of flame to a certain extent. Later, when the flame passes
through the elbow, the impact reflection near the concave wall forms a tongue-shaped flame,
which accelerates the mixing of the flame and the unburned gas body and promotes combus-
tion. The convex wall generates rarefaction waves, which reduces the rate of combustion chem-
ical reaction [30]. Figure 7 shows that the deceleration effect produced by the convex wall plays
a major role. It can be seen that the whole trend of flame propagation speed of the 90° elbow
structure is similar to that of straight pipe, but the difference is that there is more turbulence
generated in 90° elbow due to the shape change and the bend of pipe. Affected by the geometric

shape of the 90° wall, the generated turbulence 600 e pr
is a large-scale reverse companion flow, shown 7 [ ___soelbowppe VIO o7
. o 500 ! /

by the solid black box, fig. 5(a), which is gen- é | ===TiT2pipesection 1\ /¢
erated from the formation of the flat flame and S 400 | 1 nE
continues through the middle and later stages of = | s T

. 300 idly risi
combustion process. The reflected wave gener- £ [  Rapidiyrising v/
ated by the collision of reverse companion flow & 200 | PRl IR

. . . . 8' V\I

and high speed air-flow with the pipe wall leads & | - > T

. . . v 100 F "‘\ rd ' 90° elbow
to a partial flame extinction and energy reduc- £ ~-af : o

. . . . = I ) + T-shaped bifurcation

tion, causing the flame propagation velocity 0 . , Ll L

lower than that of the straight pipe. The max-

o

1 2 3

4

5

6

Distance from ignition end [m]

imum value is 357 m/s, which is 28.6% lower
than that of the straight pipe.

Figure 7. Flame propagation velocity
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For the T-shaped bifurcation pipe structure, bifurcation is equivalent to a vent on the
horizontal pipe section. When the flame propagates to the vent front (3 m from the ignition
end), it will be pulled by the positive flow field, thus showing an acceleration effect. When the
flame front passes through the explosion vent, there is a diversion, as shown in I, II, fig. 5(a).
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Some flame enters the branch pipe and takes away some energy. Due to the combined effect of
reflection wave and vertical flow field, the flame acceleration effect slows down and the rising
rate decreases [31]. After that, the flame propagates to the pressure outlet, which is gradually
accelerated by the effect of air-flow release. Finally, the flame velocity reaches the peak value
of 592 m/s, which is 15.54% higher than that of straight pipe and 39.69% higher than that of
90° elbow.

The effect of different pipe-line structures
on the explosion pressure

Figure 8 shows the pressure and pressure rise rate curve of each pipe structure under
the end-opening conditions. The rate of pressure rise reflects the rising and falling process of
pressure in the pipe. It can be seen that there are two peaks and two troughs in the pressure rise
rate of each pipe structure, and the pressure change trend is basically the same, as shown in
fig. 8. The superposition of pressure waves generated at the initial ignition stage forms com-
pression waves, resulting in a rapid increase of pressure rise rate and an exponential increase
of pressure. On one hand, the first inflection point of pressure is generated when the flame con-
tacts the side wall of the pipe. The rapid reduction of the flame area leads to a rapid decrease of
pressure rise rate. The inflection point of elbow pipe appears earlier than that of straight pipe,
this is because the elbow structure pre-forms a relatively closed space, so a greater constraint
leads to a higher pressure accumulation. [32, 33]. On the other hand, the sudden deceleration
of the flame triggers a pressure wave [34]. As the pressure wave propagates to the right, the
unburned region is occupied by positive flow, resulting in the accelerated propagation of the
flame front and the second increase of pressure. In addition, the pressure wave is reflected when
it encounters obstacles during propagation, and then propagates back and forth in the pipe-line.
The oscillation of the corresponding section of the elbow pressure curve, shown by the green
box, fig. (8) is closely related to this. Another significant inflection point of pressure occurs be-
tween 15 ms and 20 ms. At this time, the pressure increase is attributed to the increase of flame
propagation velocity, and the inflection point of the elbow is still earlier than that of the straight
pipe. This is because the bending structure affects the flame dynamics by promoting the growth
of K-H and R-T instability [35]. The reflection effect generated by the elbow promotes the mix-
ing of gas, and accelerates the combustion speed of the flame, and increases the superposition
speed of the compression wave, leading to an increase in the rate of pressure rise. After that, the
flame front becomes flat at about 20 ms, fig. 8(a), and the surface area reaches the minimum.
Under the action of reverse companion flow, the propagation velocity decreases, the pressure
rise rate decreases, so the pressure rises slowly, reaching the peak value of 0.059 MPa at about
23 ms. The formation of tulip flame at about 30 ms, fig. 8(b) causes the flame area to increase
again and thus leads to the increase of pressure rise rate again.

In the 7-shaped bifurcation pipe, when the shock wave enters the bifurcation, fig. 8(c),
due to the sudden expansion of the cross-section and the rarefaction wave generated by the col-
lision with the inflection Point A, as shown in fig. 8(c), part of the shock wave is extinguished,
local diffraction occurs, and a dead zone is formed near Point A, shown in II, fig. 5(a). The wave
front is bent, the explosion intensity is attenuated, and a large-scale turbulent vortex is formed
in the dead zone, shown in III, fig. 5(a). Then the shock wave propagates forward to the inflec-
tion Point B, as shown in fig. 8(c), and the local flame is extinguished due to the influence of
the rarefaction wave. The curved wave front has regular mirror reflection with the lower wall
of the T2 branch pipe. The propagation of the reflected shock wave makes the flow field tem-
perature rise again. As the reaction proceeds, the regular reflection of the shock wave gradually
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becomes Mach reflection [36]. After multiple reflections of the reflected shock wave between
the wall surfaces of the T2 branch pipe, the unburned gas is heated and pressurized, resulting
in a secondary ignition. The overpressure in the pipe rises rapidly to a peak value of 0.08 MPa.
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Figure 8. Effect of different pipe-line structures on the explosion pressure;

(a) pressure curves and pressure rise rate curve in each pipe-line structure and
(b) schematic diagram of flame structure and shock wave development at
corresponding time of pipe-line marked on the curve

Conclusions

In this paper, based on the numerical simulation method, the combustion and explo-
sion characteristics of hydrogen-air premixed gas in three pipe structures with open-end are
studied, and the following conclusions are drawn. The conclusions reveal the flame propaga-
tion mechanism in the combustion process of hydrogen-air premixed gas, and provide some
theoretical guidance for future pipe-line strength design, subsequent pipe-line safety check and
accident mitigation, are as follows.
® In the end-opening pipe, the 90° elbow has a certain inhibitory effect on flame development.

The maximum flame propagation velocity of 90° elbow is 357 m/s, which is 28.6% lower
than that of straight pipe and 39.69% lower than that of 7-shaped bifurcation pipe. The max-
imum explosion pressure is 0.059 MPa, which is 18.06% lower than that of straight pipe and
26.25% lower than that of 7-shaped bifurcation pipe.

e In the end-opening pipe, the 7-shaped bifurcation structure can effectively promote the com-
bustion and explosion reaction. The maximum flame propagation velocity in the 7-shaped
bifurcation pipe is 592 m/s, which is 15.54% higher than that of the straight pipe and 39.69%
higher than that of the 90° elbow. The maximum explosion pressure is 0.08 MPa, which is
10% higher than that of straight pipe and 26.25% higher than that of 90° elbow.

e Under the end-opening condition, there are two peaks and two troughs in the pressure rise
rate curves of the three pipe structures, and the pressure change trend is basically the same.
The air-flow release effect of the end-opening will greatly reduce the pressure in each pipe
structure.

In the future research, the process of gas explosion in non-adiabatic wall pipes will
be simulated. At present, the pipe wall is an adiabatic and non-slip wall. Although the duration
of the explosion process is very short, so that the temperature has little influence on the load
loading effect, in order to be more practical, the actual factors should be taken into account in
the later simulation such as the heat dissipation of the pipe wall to further reduce the error.
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Nomenclature
C —ascalar representing the reaction u  — molecular viscosity, [Pa-s]
process, C = 0: reaction has not begun, Y, — mass fraction of component 7, [—]
C = 1: reaction is complete, [-] Y,. — mass fraction of the component i during
¢ —average reaction process variable, [-] complete combustion, [—]
|Vc| — gradient of the process variable, []
h, — sensible enthalpy, [Pam] Greek symbols
n  —type of reactants, [] /. —thermal conductivity, [Wm™'K™]
p —pressure, [Pa] p —density, [kgm™]
Sc, — turbulent Schmidt number, [] p. — density of unburned gas, [kgm]
S, —turbulent flame velocity, [ms™] 7; — subgrid-scale stress
t —time [s] E, — subgrid flame wrinkle coefficient, [—]
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