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ARTICLE INFO ABSTRACT

Handling Editor: Wojciech Stanek Employing both experimental and computational methods, this paper investigates the propagation characteris-
tics of the explosion flame for two cases with gradually increasing and decreasing barrier ratios of continuous
obstacles. Three variation gradients of barrier ratio were set in the increasing and decreasing continuous obstacle
regions (i.e., 0.1, 0.2, and 0.3). Experimental results show that the flame front is less prone to inversion. With the
increase in the barrier ratio of continuous obstacles, the effectiveness of the flame front in counteracting the
impact of inversion can be enhanced. However, the maximum flame speed corresponds to the moment delay.
Obstacles with larger initial barrier ratios will induce higher flame speed. For explosive overpressure, the
accumulation and superposition of precursor waves and expansion waves during the rapid release can generate
higher overpressure downstream, with the increase in barrier ratio. Lower downstream overpressure is due to the
weaker pressure accumulation efficiency with the decreasing barrier ratio. Numerical simulation results visualize
the distribution of the vorticity behind the obstacle, which explicitly unveils the generation and evolution of
vortices in space. The underlying mechanism of how the flame was squeezed and stratified is analyzed and
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discussed as well.

1. Introduction

In dealing with climate issues, nations and regions have proposed
new energy development strategies. Since the Paris Agreement was
signed, various nations have begun planning for the creation of a sus-
tainable, low-carbon future [1-3]. Hydrogen is a new energy source due
to its high combustion heat value, lightweight, and the fact that the
combustion product only produces water [4,5]. As a topic highly related
to the safety of living and production for economic and social devel-
opment, safe energy management has been widely studied. For example,
a severe explosion accident occurred at the Fukushima nuclear power
plant induced by hydrogen gas leakage in 2011 [6,7]. Combustible gas
explosion accidents in many countries are also one of the most serious
safety production accidents [8-10]. Although hydrogen does not
contaminate the environment when used directly as an energy source, its
extremely large explosion range and high combustibility and flamma-
bility make it difficult to control in existing process conditions [11].

Moreover, as the lightest gas on earth, hydrogen imposes high demands
on the control valve efficiency during storage and transportation [12].
Therefore, researchers propose adding hydrogen to methane to achieve
a complementary gas mixture in performance and economics [13-17].
Previous studies have revealed that obstacles in space can trigger the
explosion reaction process easily, resulting in faster flame propagation
speed and higher overpressure. Kindracki et al. [18] demonstrated that
the presence of an obstacle shortens the combustion time and increases
the rate of pressure rise. Zhang et al. [19] identified that obstacles could
increase the reaction rate. Consequently, when the barrier ratio reaches
the critical value, the perturbation effect on the flame can be maximized,
in which will lead to the highest turbulence intensity and explosive
strength. Zhou et al. [20] proved that a sharper obstacle can trigger a
more violent explosion. The most dangerous explosions occur when the
distance between the obstacles is almost equal to the inner diameter of
the tube. Xiao et al. [21] further demonstrated that obstacles with cusps
promote the generation of flow instabilities and create more intense
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flame-burning behavior. Qin et al. [22] indicated that the propagation of
explosion flames in obstacle conditions is consistent with self-similarity.
The Kelvin-Helmholtz instability and Rayleigh-Taylor instability caused
by the obstacle generate significant flame stretching, which increases
the turbulence of the flame. Zhou et al. [23] demonstrated that the flame
acceleration of the explosion is attributed to the mutual promotion of
flame instability and turbulence caused by the obstacle. However, the
effect of the built-in obstacle on the maximum flame front speed is
relatively limited [24]. Pang et al. [25] investigated by numerical
simulation and found that the obstacle caused severe deformation of the
explosion flame in space and destroyed the shape of the external flame.
Cao et al. [26] found that obstacles can affect the flame propagation
process by changing the flame structure, which in turn indirectly affects
the flame speed and explosion intensity. Yang et al. [27] found that
vortex motion due to obstacles is the primary mechanism of flame
deformation, which resulted in a new pattern of tulip flame develop-
ment. Na’inna et al. [28,29] showed that maximum overpressure is
achieved at 2.25 m obstacle separation using a single flat-bar obstacle.
Lv et al. [30] showed that the maximum peak overpressure occurs in the
downstream region of the farthest obstacle position. Wen et al. [31]
demonstrated that flame speed and peak overpressure increased with
the number of obstacles, while the time to peak cannot be completely
determined. Ago et al. [32] proved that the flame is greatly disturbed in
a channel filled with repetitive obstacles, and the flame is accelerated by
repeated local explosions, compression, and expansion in the flow path.

Partial studies have been conducted on the behavioral characteristics
of gas explosions in obstacle conditions. It is worth noting that whether a
single obstacle or multiple groups of obstacles were involved in previous
studies controlled for a fixed barrier ratio. Currently, there is a lack of
relevant studies on how the variation barrier ratio of continuous ob-
stacles can impact gas explosion behaviors. The flame propagation
behavior and dynamics characteristics in the explosion reaction should
be investigated in detail when the barrier ratio of the continuous
obstacle shows a gradient variation. Based on previous gas explosion
studies, this paper investigated the effect of barrier ratio for gradient
variation on explosion parameters with the hydrogen/methane mixture.
This study is of great significance since (1) it fills knowledge gap on the
effect of continuous gradient obstacles on gas explosions, and (2) it
provides quantitative evidence as a guidance for safety and site design
optimization for combustible gas fuels.

2. Experimental setup

Experiments were performed on a self-designed and built platform of
mixed fuel explosion. The experimental setup of each system is shown in
Fig. 1, including a premixed gas distribution system, a high-frequency
ignition system, a high-frequency pressure acquisition system, and a
fast image photographing system. The premixed gas distribution system
included a hydrogen storage cylinder (purity 99.99%) and a methane
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Fig. 1. Schematic diagram of the experimental system.
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storage cylinder (purity 99.99%). The combustion-supporting air was
pre-stored by an air compressor. The premixed fuel equivalent ratio was
1.0, and the hydrogen content was 20 vol% in mixture fuel, because the
equivalent ratio corresponds to the most visible explosion characteristics
and 20 vol% hydrogen blending had already been used in existing en-
ergy devices [33-35]. The premixed gas was delivered to the explosion
pipe via three ALICAT gas mass flowmeters. The explosion pipe is made
of Plexiglas, with a size of 600 mm x 80 mm x 80 mm and a maximum
withstanding pressure of 1.5 MPa. The left wall of the pipe was con-
nected to a high-frequency pulse ignition device, which consisted of two
disconnected metallic platinum wires that were energized to produce an
electric spark to ignite the premixed fuel. The high-frequency pressure
acquisition system consisted of a PCB sensor and a signal converter
(Blast-PRO, designed by Chengdu Tytest). The sampling frequency is
125 kHz. The dynamic image photography system consisted of the
Phantom VEO 710 L and a computer. The sampling frequency was 2000
fps, and the exposure time was 490 ps.

Fig. 2 presents the schematic diagram of the gradient barrier ratio
(Definition: the ratio of the barrier area to the cross-sectional area of the
pipe, Aparrier/Apipe) for continuous obstacles, divided into continuous
obstacle barrier increase (CBI) and continuous obstacle barrier decrease
(CBD). The location of the obstacle was 100 mm (L-1), 200 mm (L-2),
and 300 mm (L-3) from the ignition. With the gradually increasing
barrier ratio, the initial barrier ratio was 0.2 at L-1 and the subsequent
variations of the barrier are ACBI = 0.1, ACBI = 0.2, and ACBI = 0.3.
The barrier ratio decreased gradually with an initial value of 0.8 at L-1,
followed by decreasing cases of ACBD = —0.3, ACBD = —0.2, and ACBD
= —0.1. A summary of the obstacle barrier ratios can be found in
Table 1.

3. Numerical simulation setup

A two-dimensional planar model of 600 mm x 80 mm was built to
simulate the premixed explosion reaction. A total of three groups of
symmetrical continuous gradient obstacles were set at 100 mm intervals
in the model. The barrier ratio of the obstacle was kept consistent with
Table 1 and a 1.0-mm structured mesh was used for calculation.

The premixed gas explosion reaction is a complex phenomenon
involving chemical kinetics, heat transfer, and fluid dynamics. The
governing equations, i.e., conservation laws of mass, momentum, and
energy, as well as the ideal gas law, are listed below [36-39].
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where p is the density (kg/m3), t is the time (s), x; is spatial coordinates
in the ith direction, u; is the flow velocity in the ith direction (m/s), o; is
the stress tensor (Pa), P is the pressure (Pa), k. is the coefficient of heat
conduction (W/mK), Qc is the heat source released by chemical re-
actions, and e = —p/p + vi2 /2 is the internal energy. Dy, Y, hm, @ and
Jm is the diffusivity coefficient, mass fraction, specific enthalpy, reaction
rate and diffusion flux of species, respectivly. u is the turbulence
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Fig. 2. Schematic diagram of obstacles barrier ratio.

Table 1
Continuous obstacle barrier ratio variables.

Continuous obstacle barrier increase (ACBI)

Case number Barrier ratio Barrier ratio variable

L1 L-2 L-3
Casel 0.2 0.3 0.4 ACBI = 0.1
Case2 0.2 0.4 0.6 ACBI = 0.2
ACBI = 0.3

Case3 0.2 0.5 0.8

Continuous obstacle barrier decrease (ACBD)

Case number Barrier ratio Barrier ratio variable

L-1 L-2 L-3
Case4 0.8 0.5 0.2 ACBD = -0.3
Case5 0.8 0.6 0.4 ACBD = —0.2
Case6 0.8 0.7 0.6 ACBD = —0.1

viscosity coefficient, §; is the Kronecker delta, R is the gas constant, T is
the temperature (K).

Numerical simulations were performed in Ansys Fluent 2021. Spe-
cifically, the Renormalization Group (RNG) k-¢ model was employed to
model the turbulence. Compared with other Reynolds-Averaged Navier-
Stokes (RANS) models (e.g., the standard k-e model [39]), the RNG k-¢
model can provide more accurate predictions in transient turbulent flow
and flow bending. The mixed fuel explosion was adopted from the EDC
model [40]. The thermal conductivity and dynamic viscosity of each
component were calculated separately using the kinetic theory and
Sutherland’s formula [41,42]. The SIMPLE solver was used to decouple
the velocity and pressure. To accurately capture the flame variation in
the explosion pipe, the time step is determined by satisfying the condi-
tion that the Courant-Friedrichs-Lewy (CFL) number is less than 0.5. For
convergence criteria, the residuals for mass, momentum, and energy
equations are required to be lower than 1 x 107°, 1 x 107>, and 1 x
1075, respectively.

4. Results and discussion
4.1. Experimental measurements of the flame propagation process

Fig. 3 shows the propagation of the premixed flame at ACBI = 0.1.
The acceleration of thermal diffusion [22] of the flame in the spherical
and finger phases makes a clear demarcation between the flame and the
unburned (between 6.0 ms and 15.0 ms). The flame passes into the CBI
zone in a laminar state (between 18.0 ms and 22.0 ms). Due to the small
barrier ratio of the initial obstacles, the disturbance to the flame pre-
cursor flow is weak, and the flame does not deform significantly after
passing through the initial obstacles and still propagates with the finger
shape. As the barrier ratio of obstacle increases, the flowing shear layer
generates greater inertial forces in bypassing the obstacles, thus creating
a pressure region between the obstacles and the flame [43]. At this
point, the flame is subjected to a more pronounced squeezing phe-
nomenon (t = 24.0 ms). The compression of the shear layer on the flame
causes the flame to expand rapidly after passing through the obstacles.
The flame boundary starts to curl and wrinkle, which is attributed to the
Kelvin-Helmholtz instability formed at the flame boundary, disrupting
the smooth flow. The turbulent flow disrupts the smooth flame boundary
when the flame touches the unburned zone (t = 28.0 ms). The tendency
of the flame structure to lose stability under continuous compression of
the obstacles gradually increases. The feedback effect of the flow
instability on the flame will be more significant than the flame thermal
diffusion. After the flame passes through the CBI zone, the flame front is
the first to expand compared to the flame stem, which forms a classic
mushroom-shaped flame (between 29.0 ms and 29.5 ms) [22]. During
the inversion of flame front, significant turbulent disturbances occurred
near the boundaries of both the flame front and the flame stem. Based on
the barometric pressure term of the vortex equation [44] (VP x Vp/p?),
the Rayleigh-Taylor instability occurs when the pressure and density
gradients are not in the same direction, and the flame front transforms
into a tulip structure (i.e., between 32.0 ms and 33.0 ms) with the effect
of the continuous strengthening of the Rayleigh-Taylor instability in the
subsequent propagation. Then, a wrinkled tulip flame front
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Fig. 3. Snapshot of the flame passing through the ACBI = 0.1 zone.
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accompanied by a cellular structure was formed at the tongue of flame at
t = 37.0 ms [12]. When the flame instability diminishes, the cellular
structure gradually weakens, and the flame becomes smoother.

The flame propagation is visualized in Fig. 4 for ACBI = 0.2. The
propagation of the flame within the CBI zone is significantly altered.
When passing through the second obstacle zone, the expansion of the
flame front is subjected to a more substantial feedback effect from the
top and bottom walls. It is shown that the increase in the obstacle
gradient can lead to an increase of the flow between obstacles disturbed
by expansion waves. This is mainly reflected by the turbulent fluidiza-
tion behavior of the unburned gas flow accumulating in the local space
without timely dissipation. Before the flame passes into the high barrier
ratio obstacles, the reverse expansion wave can briefly “flatten” the
flame front. In this process of pressure waves continuously passing over
the flame boundary, the flow instability increases the area of flame
disturbance, and the degree of disturbance is more significant (i.e., be-
tween 25.0 ms and 26.0 ms). The flame is compressed once again after
expansion and passes through the obstacles with pressure disturbance,
the flame stem and front are stretched to an increased extent. This
resulted in a slower burning behavior of the flame than the forward
advance of the flame front. Delayed combustion occurred behind the
flame front [45]. The flame expands outward at the front and at the stem
simultaneously. It can be clearly observed that the flame has two regions
of intense burning (i.e., between 27.0 ms and 28.0 ms). The flame
boundary is disturbed by the more turbulent unburned gas, which in-
creases the degree of flame wrinkles.

For ACBI = 0.3, the flame dynamic propagation process is shown in
Fig. 5. The restricted area between the obstacles is again less efficient for
releasing the disturbance when the flame passes through the second
obstacle. The flame is compressed near the channel of obstacles by the
pressure region formed from the shear layer, and the flame longitudinal
spreading ability is further reduced. The Kelvin-Helmholtz instability
due to shear layer shedding causes the flame boundary to recoil severely.
The combined effect of perturbation and compression in the obstacle
recirculation zone causes the flame stem to be almost truncated (i.e.,
between 25.0 ms and 26.0 ms). As the barrier ratio increases, the flame
front gradually increases larger than the original main part when the
reversal skirt occurs in the obstacles zone. This results in a turbulent
combustion behavior that will take place simultaneously in multiple
locations. This phenomenon occurs more obviously after the flame has
passed through the CBI zone (i.e., between 26.5 ms and 27.0 ms). The
flame is driven by the high-speed flow to complete the turbulence
maximization faster. The increase in turbulence intensity will result in
wrinkling of the flame boundary during expansion, and the increased
degree of flame wrinkling contributes to the development of flame tur-
bulence. Thus, flame wrinkles and turbulent perturbations both provide
positive feedback to each other, which improves the ability of the flame
to counteract reflected waves, and results in a reduced tendency for the
flame to be canceled. The confrontation between the flame and the re-
flected wave remains even when the flame is close to the wall at the end
of its propagation. The local projection of the flame front before the
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transition to the quasi-plane indicates that the flame still has a strong
propulsive tendency.

The flame is initially squeezed and deformed when passing through
the CBD zone, as shown in Fig. 6. The spherical flame then develops into
a finger flame in laminar combustion with free expansion [22]. When
the flame front is close to the obstacle, the pressure region around the
obstacle squeezes the flame front into the CBD zone. Due to the high
initial barrier ratio, the flame is stretched longer (t = 16 ms), driven by
the high-speed compressed flow. It is worth mentioning that the flame
boundary in the adjacent obstacle interval produces a layered
Kelvin-Helmholtz instability during the expansion at t = 17 ms-20 ms,
and the flame boundary is stretched and curled. From the flame front to
the flame stem, the newly curled flame is within the range of the pre-
vious curled flame (i.e., between 17.0 ms and 18.5 ms). Local instability
arises in a large-scale instability, and this effect causes the flame to be
accelerated forward layer by layer. The pressure region between the
flame and the obstacle decreases, and the reduced shear layer stretching
weakens the effect of flame disturbance [46] in the CBD zone. As a
result, the proportion of curled flame skirt decreased, and the inward of
the tulip flame at the end propagation is significant.

With the further increase in the barrier ratio of the CBD, the flame
skirt is more susceptible to curl by the Kelvin-Helmholtz instability, as
shown in Fig. 7. The ability of the flame to advance forward is increased.
However, it is still possible to form a tulip flame. It is worth mentioning
that the degree of the tulip flame inward is reduced.

In Fig. 8, when ACBD = —0.1, the flame forms an umbrella structure
as it passes through the obstacles zone. The Kelvin-Helmholtz instability,
the flame is affected in the obstacles zone leading to a chaotic burning
boundary. As the ACBD increases, the relative stability of the flame
center decreases. The erosive effect of the chaotic zone on the flame is
then enhanced (t = 19.0 ms). Although the flame remains in finger shape
for a more extended period, it eventually forms a tulip flame. It is shown
that the CBD zone is not conducive to the flame against the inversion in
the propagation.

4.2. Experimental measurements of the flame propagation speed

Fig. 9 provides the variation of flame front speed with the position in
the pipe over time. The position (xr) and speed (vr) of the flame front is
tracked from the image sequence by pixel displacement and time (t)
interval information of the flame front [46]. vr can be calculated by

xp(t + At) — xp(1)

At )

VFp =

In Fig. 9 (a)-(f) corresponding to Cases 1 to 6 (in Table 1) respec-
tively, the obstacles have negligible effect on the flame front speed until
it reaches the 100 mm obstacle zone. The thermal diffusion mainly
dominates the flame before it reaches the obstacle area [22]. The
compression wave generated by the expanding gas does not contribute
significantly to the flame speed. Then, the flame has a significant ac-
celeration in the obstacle zone, which expands and pushes the unburned
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gas to the flame front, driving the flame front to propagate. Simulta-
neously, the recirculation zone behind the obstacle stretches the flame
boundary, increasing the contact area with the mixture and increasing
the flame speed by enhancing the combustion efficiency (according
above flame propagation in Figs. 3-8).

The delayed combustion of the flame stem provides advancing
assistance to the front after the flame passes through the obstacles [47],
when the continuous obstacle barrier ratio is gradually increased in
Fig. 9 (a)-(c) corresponding to Cases 1 to 3. Increased ACBI can cause
the flame front to maintain its forward propulsive behavior without
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Fig. 5. Snapshot of the flame passing through the ACBI = 0.3 zone.
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decay after passing through the obstacles. The maximum speed that the
flame front can reach with Cases 1 to 3 are 52.17 m/s, 88.00 m/s, and
128.00 m/s, respectively. The flame front speed is changed in Fig. 9 (d)-
(f) corresponding to Cases 4 to 6. The flames accelerate earlier and faster
into the acceleration stage. However, after the flame fronts entered the
obstacles zone, the flame fronts all generated a brief decrease. Combined
with the analysis shown in Figs. 6-8, it can be found that a large barrier
ratio of the L-1 obstacle can suddenly elongate the turbulent boundary of
the flame to increase the flame speed in the obstacle region. However,
this turbulent boundary is difficult to maintain with a small barrier ratio.
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Additionally, the flame diffusion to the wall weakens the

forward-pushing behavior of the flame front. Such an effect is improved
with the increased barrier ratio. The maximum speed that the flame can
reach is 82.50 m/s, 92.00 m/s, and 128.70 m/s by the obstacles,
respectively. The sudden increase in the speed of the flame front will
temporarily decrease in the process, but as the flame instability in-
creases, the maximum speed of the flame being excited is higher than the
original gradual increase in the speed of the flame. Therefore, in the

condition of multiple groups of continuous obstacles, the maximum
value of flame front speed is determined by all obstacles together, but
the position corresponding to the maximum value is determined by the
obstacle with the largest barrier ratio.
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4.3. Experimental measurements on the variation of the explosion
pressure

As the continuous barrier ratio changes, the overpressure down-
stream of the obstacle changes with time. It can be seen in Fig. 10 (a)
that there is a significant contribution to the downstream overpressure
when the continuous barrier ratio gradually increases. The increase in
maximum overpressure is accompanied by an earlier moment of over-
pressure rise. The maximum overpressure at ACBI = 0.2 increased by
109.18 kPa compared to ACBI = 0.1. The maximum overpressure at
ACBI = 0.3 increased by 120.76 kPa compared to ACBI = 0.2. The
difference between the maximum overpressure is gradually increasing.
However, it is noteworthy that the maximum overpressure of the CBD
significantly decreases in Fig. 10 (b). Compared to Fig. 10 (a), the effect
is weaker, although the difference between the maximum pressure is
increased. The maximum pressure is enhanced by approximately 50.0
kPa. Meanwhile, the moment when the overpressure starts to rise is not
distinguished in Fig. 10 (b).

The change rate of overpressure during the rise is obtained by line-
arly fitting the experimental data, as shown in Fig. 11. The rate of
pressure increase is higher in continuous obstacles barrier ratio increase
(see Fig. 11 (a)). When the explosion overpressure generates a higher
rate of increase, it can often result in a higher pressure peak. The evi-
dence indicates that pressure accumulation effects benefit pressure
value increases [47]. For CBI, the gradual increase of the barrier influ-
ence causes an incremental accumulation of pressure in the obstacle
interval, resulting in higher pressures during the pressure release period.
For larger initial obstacle barrier ratios, as CBD case, the pressure has
been released before adequate accumulation, a smaller downstream
barrier ratio is not conducive to accumulating pressure waves resulting
in a smaller total pressure maximum (see Fig. 11 (b)).

4.4. The effect of the flow velocity field on the flame

The developments of the streamlines in the obstacle space over time
based on numerical simulations are presented in Figs. 12 and 13. For the
numerical simulation results, the red in the figure represents the burnt
region, the blue represents the unburned region, and the white arrows
indicate the movement of the streamlines.

Fig. 12 shows the dynamics of the streamlines in the pipe during
flame propagation for CBI. During flame development, the vortices
corresponding to the size of the obstacle formed behind the obstacle. As
time progresses, the vortices gradually expand in extent but disappeared
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due to the loss of dominance of spin caused by a decrease in speed
gradient as the flame passes through the obstacles [39]. It is worth
noting that the obstacle recirculation zone is accompanied by an
increased barrier ratio, while the elongated shear layer by obstacle leads
to greater vortices shedding [48,49]. At ACBI = 0.2, the vortices behind
the third obstacle stretch into an elliptical structure, and the center of
the vortices are displaced downstream away from the obstacles. The
same phenomenon still occurs at ACBI = 0.3. While the vortices behind
the obstacle are stretched, two new vortices generates behind the
obstacle as the center of the first formed vortices move downstream. As a
result, multiple vortices coexist in the elliptical region. Therefore, the
flame boundary in the experiment is perturbed in multiple regions at this
phase, triggering multiple wrinkles and curls in the flame. The elliptical
vortices tend to separate the vortex region from the flame region
through the shear layer, as the experimental results show, causing the
initial flame to be compressed into a long strip shape and limiting the
tendency of the flame to move in a longitudinal expansion.

Fig. 13 illustrates the vector streamlines variation in flame propa-
gation with CBD. When the initial obstacle barrier ratio is large, the
large-scale vortices are the first to form behind the obstacles, confining
the flame to propagate within the channel of the obstacle. Since the
boundary layer separation effect of the shear flow, the vortices region
behind the obstacles forms a larger velocity gradient that the vortices are
less prone to dissipation [50]. Therefore, the large size vortex does not
dissipate immediately after the flame passes through the first obstacle,
but instead, many small-scale vortices (Fig. 13 (a) t = 15.00 ms; Fig. 13
(b) t =15.00 ms; Fig. 13 (c) t = 14.00 ms). When an individual vortex is
strong enough, it does not immediately dissipate. The multiple
small-scale vortex triggers the occurrence of experimental flame layer-
ing Kelvin-Helmbholtz instability with stacking of flame front. Therefore,
it can be inferred that the large-scale vortex in the explosion reaction
causes the flame to deform and the small-scale vortex can increase the
degree of wrinkling of the flame front and enhance the mixing behavior
of the flame boundary with the mixture gas. In the case of CBD, the
downstream obstacles have a weaker compression behavior on the flame
due to the smaller barrier ratio, leading to a more rapid reduction or
disappearance of the vortices.

4.5. Effect of vorticity field on flame

Figs. 14 and 15 shows the variation of the vorticity field obtained
from the numerical simulation results. The green in the figure represents
the region where the vorticity is 0. The red represents the positive
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Fig. 10. Explosion overpressure development law with time.
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Fig. 13. Streamlines with decreasing barrier ratio of continuous obstacles.

vorticity forming at the top obstacle, and the blue represents the nega-
tive vorticity forming at the bottom obstacle. The darker the color, the
greater the intensity.

Due to the presence of obstacles, the explosion reaction in the process
of advancing must have been affected by the strain rate resulting in a
velocity gradient. The distribution of vorticity can visually explain the
causes and movement trends of vortex in space [39]. Fig. 14 provides the
distribution of vorticity in space for CBI. It can be found that the greater
the barrier ratio, the greater the range of influence of the vorticity. The
deformation and distortion of the flame are all present in the region of
larger vorticity. As the flame progresses, the vorticity dissipates at the
obstacle and propagates along with the flame front. Both the top and
bottom flame boundaries benefit from their respective expansions in
response to different vorticity fields. For ACBI = 0.2 and ACBI = 0.3, the
stretching and displacement downstream of the vorticity field interpret
the trend of the vortex.

Fig. 15 shows the variation of vorticity with time for CBD. In Fig. 14,

it is found that the vorticity in the continuous obstacle interval is in-
dependent of each other. In contrast, in Fig. 15, the obstacle with a
larger initial barrier ratio leads to an elongation of the vorticity field and
even has an impact on the formation and development of the vorticity
field at the adjacent obstacles. The vorticity is continuous behind the
obstacle with a large barrier ratio, and the velocity field is accompanied
by the emergence of new spin regions to induce the vortices. Therefore,
as the previous large-scale vortex dissipates to the small-scale, new
vorticity fields create new vortices, which consequently generate mul-
tiple patterns in space. During each set of symmetric vortices shedding,
the flame front curls and forms the stratified Kelvin-Helmholtz insta-
bility in the experiment. The evidence indicates that the pressure and
speed change most intensely at the obstacle in the pipe [50]. Thus, larger
barrier ratios of the L-1 obstacle can lead to higher initial vorticity. In the
vortices flame and jet flame propagation phases, the vortices diffuse into
the inside of the combustion products [50]. The larger initial vorticity
accompanies the propagation of the flame, and the vorticity field reveals
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transferability. When the gradient of the barrier ratio decreases, the
flame propagation induces intense pressure and speed changes in the
obstacle increasing the transferability of the vorticity, so the vorticity
downstream of the obstacle and in the pipe is more significant.

5. Conclusions

Employing both experimental and computational methods, this
paper investigates the propagation characteristics of the explosion flame
for two cases with gradually increasing and decreasing barrier ratios of
continuous obstacles. Key conclusions are summarized below.

(1) When the barrier ratio of continuous obstacles increases, flame
boundaries are more easily broken by turbulent flow in the
downstream. When the continuous obstacle barrier ratio de-
creases, the flame is subjected to strong Kelvin-Helmholtz insta-
bility initially and generates a stratified curl. Flame is more
conducive to counteracting inversion with increasing continuous
barrier ratio and delaying the transition to flat structure but tends
to inversion during a barrier ratio decrease.

(2) The flame speed is driven by the high-speed flow in addition to
the gradual expansion after passing through the increasing bar-
rier ratio. However, in the decreased gradient of barrier ratio, the
flame speed originates more from the turbulence caused by the
initial obstacle.

(3) The flame can achieve a more noticeable pressure increase rate
and maximum pressure value with the increased gradient of
barrier ratio, and the increase rate of pressure is proportional to
the maximum pressure. In decreased barrier ratio, the pressure

releases instantly, but the weaker accumulation process results in
low downstream pressure.

(4) The vortices behind the obstacle dominate the flame behavior.
Large-scale vortices compress flame to deformation, and small-
scale vortices changes the smooth boundary of flame and in-
creases the mixing efficiency between the flame and the mixture
to increase the combustion rate. The distribution of the vorticity
field determines the tendency of the vortices.
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