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Cellular instability is responsible for the self-acceleration of a flame, and such acceleration might cause
considerable damage. This paper presents an experimental study on the inhibition effect of CO, and an
ultrafine water mist on the self-acceleration characteristics of a spherical flame in the initial stage of
a 9.5% methane/air explosion in a constant volume combustion bomb. Results showed that insufficient
water mist enhanced the self-acceleration of the spherical flame and the intensity of the explosion;
nevertheless, the synergistic inhibition effect of CO, and ultrafine water mist prevented enhancement of
the explosion and significantly mitigated the self-acceleration of spherical flames, which observably
delayed the appearance time of a cellular flame, and reduced the flame propagation speed, overpressure
and the mean rate of pressure rise, indicating that suppression of flame self-acceleration could
effectively mitigate the damage from a methane/air explosion. The reason for the synergistic effect was
a result of a combination of physical suppression and chemical suppression: due to the preferential
diffusion dilution effect of CO,, the initial flame speed was reduced, and the flame became thicker,
which increased the evaporation time and quantity of droplets around the flame front, accordingly
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Accepted 24th April 2019 enhancing the cooling effect on the flame front. The increased flame thickness could withstand greater
disturbance and inhibit the formation and development of a cellular flame. Meanwhile, CO, and H,O can
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1. Introduction

Methane/air explosion accidents often occur in the field of gas
transportation and industrial production, posing a serious
threat to the safety of human life and property. The flame front
becomes unstable under the action of instabilities such as
diffusional/thermal instability or hydrodynamic instability,
increasing the contact area between the flame surface and the
unburned gas, which causes the flame to self-accelerate.*® This
self-acceleration effect can affect the entire flame combustion
process and cause more serious damage. Therefore, it is of great
practical significance to limit the formation and growth of
cellular flames in the initial stage of a methane/air explosion to
reduce explosion hazards.

Due to the advantages of environmental protection and high
cost-effectiveness, ultrafine water mist has been widely
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combustion rate of a methane/air explosion.

considered by scholars for suppressing the explosion of
combustible gases.” Previous research showed that ultrafine
water mist suppressed a combustible gas explosion mainly
through a physical effect.’®® Lentati et al.** and Yoshida et al.*®
found that ultrafine water mist not only had a physical inhibi-
tion effect but also a chemical inhibition effect. Cao et al*®
found that ultrafine water mist could prevent the production of
the main active radicals in a chain explosion reaction. More-
over, the particle size of the ultrafine water mist will affect the
explosion suppression effect. Holborn et al.'” found that the
explosion suppression efficiency increased with a decrease in
the particle size of the water mist. Modak et al.*® studied the
inhibition by fine water mist on a premixed methane/air flame.
It was found that smaller diameter water mist was more effec-
tive than large diameter water mist. For the same net mass
loading of water mist, there was a limit of 10 um in diameter,
and when the water mist diameter was less than or equal to 10
um, it had the same suppression characteristics for a methane/
air flame.

Meanwhile, Gieras et al.*® and Cheikhravat et al.*® found that
the turbulence generated by water mist would accelerate flame

This journal is © The Royal Society of Chemistry 2019
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propagation. Yu et al.** pointed out that adequate water mist
could effectively reduce the explosion intensity, but it would
increase the explosion intensity when the water mist was
insufficient. Many scholars also improved ultrafine water mist
to achieve a better suppression effect. Chelliah et al.** studied
the effect of water mist with different additives (KOH/NaCL/
NaOH) on methane/air explosion. The results indicated that
water mist with chemical additives could significantly enhance
the explosion suppression ability of water mist. However, the
addition of chemical additives can also have negative factors,
such as reducing the rate of evaporation during the interaction
of the droplets with the flame. It is worth noting that our
previous studies showed that a combination of nitrogen and
ultrafine water mist could prevent the enhancement of
a methane/air explosion caused by insufficient ultrafine water
mist, and the inhibition effect was better than that of single
inhibitor.>***

Some scholars studied the effects of flame instability on
spherically propagating flames under suppression by dilution
gases. Wang et al.>® investigated the laminar burning velocities
of CO/H,/CO,/0O, flames and the results showed that the cellular
flame structure was promoted with an increase in hydrogen
fraction and was suppressed with an increase in CO, fraction
due to the combined effect of hydrodynamic and diffusive-
thermal instability. Qiao et al.>® carried out experiments on
the effects of the four diluents of helium, argon, nitrogen and
carbon dioxide with a dilution volume fraction of 0-40% on the
laminar burning velocity of a hydrogen/air premixed flame, and
the results showed that the order of four inert gases to reduce
laminar burning velocity was: helium < argon < nitrogen <
carbon dioxide. Xie et al.*” compared the effect of CO, and H,O
(water vapour) on the laminar burning characteristics of CO/H,/
air mixtures at elevated pressures and pointed out that CO, and/
or H,O weakened the hydrodynamic instability, but increased
the thermal diffusion instability, and CO, dilution had a larger
effect because of its lower effective Lewis number compared
with H,O dilution.

From the above review, it seems that previous research on
water mist suppression has focused mainly on the macroscopic
suppression effect on flame propagation and overpressure
waves. Furthermore, the influence of gas-liquid two-phase
inhibitors on the self-acceleration characteristics of a flame in
the initial stage of an explosion has not been investigated in the
open literature. The objective of the present study is to illustrate
the synergistic inhibition effect of gas-liquid two-phase inhib-
itors on the self-acceleration characteristics of cellular flames
and the interaction between flame acceleration and pressure
wave, which can provide guidance for preventing the accelera-
tion of combustible gas explosions.

2. Experimental apparatus and
procedures

The constant volume combustion bomb test system is shown in
Fig. 1, which consists of a constant volume combustion bomb
with three windows, a gas supply system, an ultrasonic
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atomization system, a data acquisition and control system, an
ignition system, an optical schlieren system and a high-speed
camera system. The constant volume combustion bomb is
a cylinder with a diameter of 290 mm and a length of 365 mm,
which is made of welded stainless steel. The wall thickness of
the combustion bomb is 30 mm and the pressure resistance is
2 MPa. In order to capture the flame propagation process, two
finely machined optical quartz glass windows, with a diameter
of 110 mm and a thickness of 50 mm were installed on either
end of the combustion bomb. Another finely machined optical
quartz glass window, with a diameter of 110 mm and a thick-
ness of 50 mm was installed on the sidewall of the combustion
bomb to determine the ignition time.

An MD-HF piezoresistive pressure sensor was located on the
sidewall of the combustion bomb, with a measuring range of
—0.1 to 1.0 MPa, a total error of 0.25%, and a dynamic response
time of 1 ms. An RL-1 photodiode sensor was positioned outside
the sidewall optical quartz glass window, as shown in Fig. 1. The
signals from the pressure sensor and the photodiode sensor
were recorded by a USB-1608FS Plus high-frequency data
acquisition card, with a rate of 15 kHz. Ignition was achieved by
high-voltage point discharge, and the output voltage was 6 kV
with an ignition energy of 2.5 J. A pair of tungsten wire elec-
trodes, with a 2 mm diameter, were positioned at the center of
the combustion bomb, with a gap of 3 mm.

The gas supply system consisted of gas valves, pipes, three
gas cylinders, a mass flow controller (MFC), a vacuum pump,
and a precision digital pressure gauge. High-purity methane
(=99.99%) and CO, (=99.99%) were supplied by two gas
cylinders. The ultrasonic atomization system included mainly
an ultrasonic atomization device, a sealed square water storage
box, and an inlet and outlet pipe. The ultrasonic atomization
device used a three-head copper atomizer, and the atomization
chip operated at a frequency of 1700 kHz. The atomization rate
of the ultrasonic atomizer was 4.2 ¢ min~ ', which was measured
in advance by a precision balance. According to the atomization
rate, the concentration of ultrafine water mist could be ensured
by adjusting the atomization time. In the present experiment,
the mass concentration of ultrafine water mist was set as
follows: 58.3 ¢ m >, 174.9 g m >, 262.5 g m > or 350 g m ° by
controlling the atomization time. As shown in Fig. 2, the droplet
sizes of the ultrasonic water mist in the experiment range from
0 to 20 um, which were measured by a Phase Doppler
Anemometer (PDA) produced by the Dantec Dynamics A/S
company. The Sauter mean diameter D;, was 6.3 um and the
standard deviation was lower than 5%. The initial pressure of
the mixtures was 101 kPa, and the initial temperature was 283
K.

Before preparing the gas mixture, the combustion bomb was
vacuumed to —0.096 MPa and confirmed as being well-sealed.
Next, a methane/air premixed gas was prepared with a frac-
tion of 9.5% in the combustion chamber based on Dalton's law
of partial pressures. The carbon dioxide was then taken in
according to the ratio. It should be emphasized that the ultra-
fine water mist was taken into the combustion bomb with the
air, and the intake speed was controlled by the mass flow
controller. When the ultrafine water mist was taken into the
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Fig.1 Schematic of experimental apparatus.
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Fig. 2 Particle size distribution diagram of ultrafine water mist.

vessel, the mixture needed to stand for 30 s before ignition, in
order to mix the ultrafine water mist with the mixture gas. After
ignition, the explosion flames were observed by a schlieren
system (CQW300) through two quartz windows and recorded by
a high-speed camera (High Speed Star 4G, made by Lavision),
which was operated at 2000 fps with 1280 x 800 pixel image
resolution. In order to ensure the reliability and repeatability of
the experimental data, each experiment was performed at least
5 times.
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3. Results and discussions

3.1. Effect of CO, on the self-acceleration characteristics of
a 9.5% methane/air explosion spherical flame

The developing process of combustible gas explosion sphere
flame propagation can be divided into laminar flame, self-
similar flame, self-acceleration flame and self-turbulence
flame.”® The cellular flame formation could be attributed to
diffusional/thermal instability and hydrodynamic instability.*®
The developing process of a 9.5% methane/air explosion
spherical flame is shown in Fig. 3. It can be seen that when the
premixed gas was ignited, a spherical flame was formed which
propagated outward quickly in a laminar state. The spherical
flame front was smooth and reached the edge of the window at
about 24 ms. However, since methane is a low-active combus-
tible gas with a low burning rate, and the temperature of the
methane/air flame was not too high, the flame front did not
generate a cellular flame before reaching the edge of the
window. As the spherical flame continued to propagate, the
surface of the flame produced irregular cracks at a time of 63
ms. These cracks later quickly formed into a homogeneous and
fully cellular flame at a time of 83 ms. Therefore, the authors

flame

6ms 12ms 18ms 24ms 63ms 83ms

Oms

time

Fig. 3 Development process of a 9.5% methane/air spherical flame.
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believe that this may be due to the combined effect of the
activity of the combustible gas and the instability of the flame.

Fig. 4 presents the inhibition effect of different fractions of
CO, on the propagation progress of the spherical flame of
a 9.5% methane/air explosion. First, with an increase in the
volume fraction of CO,, the radius of the spherical flame
decreased significantly at the same time after ignition, which
showed that CO, had an obvious inhibition effect on the
propagation of the methane/air explosion; the higher the CO,
fraction, the more obvious the inhibition effect. This finding
was obtained because the methane explosion was essentially
a chain reaction process, while CO, diluted the premixed gas,
inhibited the dissociation of activated radicals, reduced the
concentration of activated radicals, and thus reduced the flame
propagation speed.* Second, CO, also had an obvious effect on
the structure of the methane/air explosion spherical flame.
Compared to Fig. 3, the 9.5% methane/air explosion spherical
flame generated only a few cracks on the flame front at a time of
12 ms formed by the electrodes. With an added 2% CO,, the
number of flame surface cracks was reduced. The fully cellular
flame did not appear until 100 ms. Lastly, with the increase in
CO, fraction, the flame front became smoother. This may be
because CO, reduced the temperature and the combustion
reaction rate, and hence the flame propagation speed
decreased, which is an important parameter for characterizing
hydrodynamic instability. It is worth noting that when the CO,
volume fraction was greater than 14%, the cellular flame dis-
appeared during the propagation progress of the spherical
flame, and the flame appeared to float upward. When the CO,
fraction increased to 18%, the phenomenon of floating upward
became more serious, forming an ellipsoidal flame front. This
was caused by the performance of the flame buoyancy insta-
bility, which was due to the slow speed of flame propagation.
The reason for this phenomenon is that the density of mixed gas
in the burned area was smaller than the density of the premixed
gas in the unburned area.** Under the effect of buoyancy, the
propagation speed of the upper flame was greater than the
lower part. Therefore, the flame floated upward.

6ms 12ms 18ms 24ms 83ms 100ms 163ms 263ms
‘ 9.5%CH,
0006060 [}
6%CO
4 10%CO
14%CO,

Fig. 4 Inhibition effect of different fractions of CO, on the propaga-
tion progress of a 9.5% methane/air spherical flame.
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With the spherical flame propagating outward, the radius of
the flame gradually increases, and the front of the flame will
have a cellular structure at a certain moment. The cellular
structure in the front of the flame will increase the contact area
with the unburned gas, which will increase the combustion rate
and accelerate the flame.* Therefore, the appearance time of the
cellular flame can also reflect the time when the spherical flame
starts to self-accelerate. Fig. 5 presents the inhibition effect of
CO, on the relationship between the appearance time of the
cellular flame and the overpressure of the 9.5% methane/air
explosion spherical flame. It can be seen that for the 9.5%
methane/air explosion, the spherical flame appeared in the cell
structure at 83 ms, and the overpressure peak and the mean rate
of pressure rise were 0.66 MPa and 3.0 MPa s~ ', respectively.
The mean rate of pressure rise is the maximum explosion
pressure pmax minus the initial pressure p, divided by the time
when the maximum explosion pressure appears.*
pmatx Do [1)

Pmax

V=

When 10% CO, was added, the appearance time of the
cellular flame was delayed to 263 ms and was increased by
216.9% compared to the 9.5% methane/air explosion. It is
interesting that there was no cellular flame during the whole
explosion process when the fraction of CO, was greater than
14%. When 18% CO, was added, the peak overpressure and the
mean rate of pressure rise decreased by 37.9% and 90%,
respectively. It can be seen that with the increase in CO, volume
fraction, the appearance time of the cellular flame gradually
increased and caused the flame to float upwards, while the
overpressure peak and the mean rate of pressure rise decreased.
This finding indicates that a fraction of 14% CO, is necessary
for a better inhibition effect on the initial propagation of the
methane/air explosion. Furthermore, when 22% CO, was
added, the premixed gas could not be ignited, indicating that
the methane/air mixture was made completely inert.

3.2. Effect of ultrafine water mist on the self-acceleration
characteristics of a 9.5% methane/air explosion spherical
flame

Fig. 6 presents the inhibition effect of different mass concen-
trations of ultrafine water mist on the propagation process of
the spherical flame of the 9.5% methane/air explosion. First, it
can be seen that the flame radius first increased and then
decreased with the increase in the mass concentration of
ultrafine water mist. It is worth mentioning that under a mass
concentration of 58.3 ¢ m > of ultrafine water mist, the radius of
the spherical flame was bigger than that of the 9.5% methane/
air explosion at the same time after ignition. Meanwhile, the
time when the flame front was fully cellular was advanced to 80
ms, indicating the acceleration of the flame propagation. This is
because the ultrafine water mist had a significant effect on the
explosion flame front and changed the flow structure of the
explosion flame. Water mists cause more wrinkles on the
spherical laminar flame surface, increasing the burning area,

RSC Adv., 2019, 9, 13940-13948 | 13943


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01148j

Open Access Article. Published on 07 May 2019. Downloaded on 6/12/2026 8:56:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
Overpressure peak / Mpa
» 300 = 0.70 5 35
QL
g 0.66MPa LR ] { =
L 'y [+
o 4065 430
£ ON3-3% 0§
250 —o— i
é 3 OMPa /So\&()% v The appearance time of cellular flame | _ <
b=} 6 70/¢ o —@— Overpressure peak 4060 252
= I . 0 -
= ) @—@— The mean rate of pressure rise ] =
"3 200 h 1.8
ki - o/ 12.2%; 4055 {20 2
: | % | 8
Q - -
£ (40 dos0 {15&
S 150 | 163ms %) e
5] ) 2.28.3% . %
= ;
< 0, - 045 | st
“ 100ms 56-”\ \ g
a 8 1 ] S
% o\o 37.9% y 4040 Jg5 ;
*E 80.0%; ® 90.0%| ] | D=
50 ! . 1 . 1 . 1 . 1 . 1 . 0.35 400
0 4 8 12 16 20 24
The volume fraction of carbon dioxide / %
Fig. 5 Inhibition effect of CO, on the relationship between the appearance time of the cellular flame and overpressure of the 9.5% methane/air
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Fig. 6 mist mass

Inhibition effect of different ultrafine water
concentrations on the propagation of a 9.5% methane spherical flame.

and accelerating the heat transfer and mass transfer process
between the flame front and the unburnt gas. Hence, due to an
insufficient amount of ultrafine water mist, the cooling effect
was so weak that the explosion was enhanced.

Second, when the mass concentration of ultrafine water mist
was greater than 174.9 g m °, the flame radius gradually
decreased at the same time after ignition, indicating that the
flame propagation speed was reduced gradually. Besides, with
the increase in the mass concentration of ultrafine water mist,
the size of the cellular flame got larger and larger. Meanwhile,
the appearance time of the uniform large cellular flame was
gradually delayed. This is because under the suppression of
ultrafine water mist, the thickness of the flame front and the
preheating area increased owing to its high latent heat of
evaporation. Hence, the flame front could endure a small
disturbance, and only large wrinkles were produced on the
flame surface. Therefore, the ultrafine water mist mass
concentration was an important factor influencing the explo-
sion suppression effect. When the water mist was insufficient, it
would promote the self-acceleration of the spherical explosion
flame; in contrast, the self-acceleration of the cellular flame

13944 | RSC Adv., 2019, 9, 13940-13948

would be effectively inhibited when the mass concentration of
ultrafine water mist was sufficient.

Lastly, the brightness of the flame increased clearly under
the effect of the ultrafine water mist. This may be because the
ultrafine water mist rapidly decomposed at high temperature,
generating free radicals such as H and undergoing a reforming
reaction with methane, which ultimately led to an increase in
the brightness of the flame.

Fig. 7 presents the inhibition effect of ultrafine water mist on
the relationship between the appearance time of the cellular
flame and overpressure of the 9.5% methane/air explosion
spherical flame. With the increase in the ultrafine water mist
mass concentration, the appearance time of the cellular flame
first decreased and then increased; while the overpressure peak
and the mean rate of pressure rise first increased and then
decreased. As with a mass concentration of 58.3 ¢ m™> of
ultrafine water mist, the appearance time of the cellular flame
was advanced by 80 ms. At the same time, the overpressure peak
and the mean rate of pressure rise also increased by 4.5% and
30%, respectively. With the increase in the mass concentration
of ultrafine water mist, the appearance time of the cellular flame
was gradually delayed, and the overpressure peak and the mean
rate of pressure rise also decreased.

Nevertheless, compared to Fig. 5, with the increase in CO,
volume fraction, the appearance time of the cellular flame was
significantly prolonged; even when the CO, volume fraction was
greater than 14%, the cellular flame disappeared. It is impor-
tant to point out that the decrease in the mean rate of pressure
rise is much bigger than that of ultrafine water mist. Xie et al.””
pointed out that CO, dilution showed a higher suppressing
effect on hydrodynamic instability than that of H,O (water
vapour); therefore, CO, had a greater influence on the cellular
flame, which is consistent with our present work. These results
also clearly stated that there was a corresponding relationship
between flame acceleration and the mean rate of pressure rise.

This journal is © The Royal Society of Chemistry 2019
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The inhibition of the formation of flame acceleration can
mitigate the damage of explosion overpressure.

3.3. Effect of CO,-ultrafine water mist on self-acceleration
characteristics of a 9.5% methane/air explosion spherical
flame

Fig. 8 presents the combination inhibition effect of 174.9 g m >

ultrafine water mist and different volume fractions of CO, on
the initial propagation process of a 9.5% methane/air explosion
spherical flame. First, with an increase in the CO, volume
fraction, the flame radius obviously decreased at the same time
after ignition. Second, it can be seen that the flame surface
became smoother with the combined effect of CO, and ultrafine
water mist. Meanwhile, with the increase in CO, volume frac-
tion, the appearance time of the cellular flame was gradually
prolonged further. For example, under the combined effect of
10% CO, and an ultrafine water mist of 174.9 ¢ m >, there were
only a few bigger folds on the flame front, and the flame began

6ms 12ms 18ms 24ms 80ms 83ms 105ms 180ms 289ms

L
o0

9.5%CH,
@‘ 174.9g/m?

174.9g/m*+2%CO,
174.9g/m*+6%CO,

174.9g/m*+10%CO,

174.9g/m*+14%CO,

Fig. 8 Combined inhibition effect of 174.9 g m~ ultrafine water mist
and different volume fractions of CO, on the initial propagation
process of a 9.5% methane/air explosion spherical flame.

This journal is © The Royal Society of Chemistry 2019

to float upward sooner. When the volume fraction of CO, was
greater than 14%, there was no wrinkle on the flame front
during the propagation progress of the spherical flame, and the
spherical flame floated upward in a more pronounced way, and
the shape of the flame became ellipsoidal.

Fig. 9 illustrates the combined inhibition effect of
174.9 g m ™ ultrafine water mist and different volume fractions
of CO, on the relationship between the appearance time of
a 9.5% methane/air spherical cellular flame and explosion
overpressure. As is shown in Fig. 9, under the combined effect
of CO, and an ultrafine water mist, the appearance time of the
cellular flame was significantly delayed, and the overpressure
peak and the mean rate of pressure rise also obviously
decreased. For example, when 6% CO, and 174.9 ¢ m ™ ultra-
fine water mist were used alone, the appearance times of the
cellular flame were 163 and 83 ms, respectively, and the over-
pressure peak and the mean rate of pressure rise decreased by
8% and 33.3%, and 10.9% and 20%, respectively; while under
the combined effect, the appearance time of the cellular flame
was delayed to 180 ms, the size of the cellular flame increased
further, and the overpressure peak and the mean rate of pres-
sure rise decreased by 13.2% and 55.3%, indicating the
enhancement of the suppression effect on the interaction
between flame acceleration and pressure wave. With the
increase in the fraction of CO, and 174.9 ¢ m > ultrafine water
mist, the synergistic inhibition effect of gas-liquid two-phase
inhibitors on the initial propagation progress of a 9.5%
methane/air explosion spherical flame gradually improved.

The mechanism of synergistic inhibition of CO, and ultra-
fine water mist on the self-acceleration of methane/air explo-
sion spherical flame is shown in Fig. 10. On one hand, the
preferential diffusion and dilution of CO, can reduce the initial
flame propagation velocity of the flame and the thermal
expansion ratio of the flame front, increasing the thickness of
the flame front. It is beneficial to prolong the residence time
and quantity of ultrafine water mist around the front of the

RSC Adv., 2019, 9, 13940-13948 | 13945
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Fig. 10 Synergistic inhibition mechanism of CO, and ultrafine water
mist on the self-acceleration of a methane/air explosion spherical
flame.

flame, significantly improving the cooling effect of the ultrafine
water mist on the flame front. On the other hand, when the
flame thickness increased to a certain extent, which enabled it
to withstand greater disturbances this was not conducive to the
formation and development of a cellular flame. That is the
reason for the cellular flame disappearing under the combined
effect of 14% CO, and an ultrafine water mist of 174.9 g m™>.

Lastly, owing to CO, being one of the products of methane/
air explosion reaction, adding CO, could affect the direction
of the reaction. Qiao et al.*®* simulated the chemical inhibition
mechanism of CO, on the methane/air explosion reaction with
Chemkin. The simplified methane/air explosion reaction
process is as follows:

CH; + H = CH, )
CH,+H = CH; + H, (3)
0,+H=0H+O0 (4)
O+H,=O0OH+H (5)
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OH + H, =H,0 + H (6)
CH, + OH = CH; + H,0 7)
CH; + O, = CH,0 + OH (8)
CH,O0 + H = HCO + H, 9)

HCO+M=CO+H+M (10)

CO+OH=CO,+H (11)

They found that CO, could be converted to CO through the
reaction (CO + OH = H + CO,, H,0 + CO = H, + CO,), which
would capture hydrogen radicals, while in the methane/air
explosion reaction process, H and oxygen combine to form
oxygen radicals and OH, which was the most important chain-
branching reaction, resulting in a reduction in the concentra-
tion of key active radicals (such as O, H and OH) and thus
reducing the flame propagation velocity.

Yoshida et al.** simulated the chemical inhibition mecha-
nism of H,O on methane/air explosion action with Chemkin.
The reaction chain process of a methane/air explosion after
adding H,O is as follows:

2H + H,0 = H, + H,0 (12)
HO, + CH; = OH + CH;0 (13)
H+0,=0+OH (14)

O + H,O =OH + OH (15)
H+OH+M=H,0+M (16)

From reactions (12) and (16), it can be seen that when water
participates in the explosion reaction, it will capture hydrogen
atoms and reduce the concentration of H with the highest

This journal is © The Royal Society of Chemistry 2019
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activity; meanwhile acting as the third body, H and OH combine
to form H,O0, resulting in the continuous consumption of H and
OH and suppressing the chain reaction of the methane/air
explosion.

In summary, the synergistic inhibition effect of gas-liquid
two-phase inhibitors is the result of a combination of physical
suppression and chemical suppression. The present work also
indicated that the characteristics of self-acceleration of the
spherical flame could be greatly suppressed under the inhibi-
tion of gas-liquid two-phase inhibitors, which was of great
significance for mitigating the damage of a methane/air
explosion.

4. Conclusions

Spherical flames will spontaneously form cellular structures,
resulting in flame acceleration due to an increase in flame
surface area,* and when positive feedback is formed between
the pressure wave and flame acceleration, considerable damage
will happen. The damage caused by an explosion is mainly re-
flected by explosion overpressure, the rate of pressure rise and
flame propagation speed. The present study investigated the
synergistic inhibition effect of gas-liquid two-phase inhibitors
on the self-acceleration characteristics of a methane/air explo-
sion spherical flame and the interaction between flame accel-
eration and the pressure wave. The conclusions are as follows:

(1) The fraction of CO, is an important factor affecting the
inhibition effect. With an increase in CO, volume fraction, the
flame propagation speed of the spherical flame, the over-
pressure peak and the mean rate of pressure rise are gradually
reduced, and the appearance time of the cellular flame is
gradually delayed. When the CO, volume fraction is greater
than 14%, the cellular flame will disappear. This indicates that
an adequate quantity of CO, will better inhibit flame self-
acceleration of a methane/air explosion.

(2) Insufficient ultrafine water mist will enhance flame
instability and promote the self-acceleration of the spherical
explosion flame. However, with an increase in the mass
concentration of the ultrafine water mist, the appearance time
of the cellular flame is gradually delayed; the spherical flame
propagation speed, overpressure and the mean rate of pressure
rise of 9.5% methane/air explosion are also gradually reduced.

(3) The combination of CO, and ultrafine water mist can
avoid the enhancement of a 9.5% methane/air explosion
induced by insufficient water mist, and significantly reduce the
flame propagation speed, peak overpressure, and the mean rate
of pressure rise. Meanwhile, the appearance time of the cellular
flame is obviously delayed, and the size of the cellular flame
increases significantly. It can be concluded that the combined
inhibition of CO, and ultrafine water mist can significantly
reduce the instability of the flame and significantly mitigate the
self-acceleration of a 9.5% methane/air explosion spherical
flame.

The synergistic inhibition mechanism of CO,-ultrafine
water mist on the self-acceleration of a 9.5% methane/air
explosion spherical flame is a result of a combination of phys-
ical suppression and chemical suppression. For physical

This journal is © The Royal Society of Chemistry 2019
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suppression, under the preferential diffusion dilution effect of
CO,, the flame propagation speed is reduced and the flame
becomes thicker, which prolongs the evaporation time of
droplets around the flame front and enhances the cooling effect
on the flame front. Therefore, there is a phase coupling inhi-
bition effect of gas-liquid two-phase inhibitors. For chemical
suppression, CO, and H,O can reduce the concentration of
active radicals, such as O, H and OH, and hence the reaction
rate and combustion rate of the methane/air explosion are
reduced.

Moreover, the increased thickness of the flame front enable
it to withstand greater disturbance and inhibit the formation
and development of a cellular flame, resulting in significant
suppression of flame self-acceleration, which is good for miti-
gating the damage of a methane/air explosion.
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