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ABSTRACT: To characterize the inerting effect of N,/CO, mixtures containing
various proportions on methane—air explosions, a series of experiments were
conducted in a 20 L spherical vessel under the normal temperature (25 °C) and
normal pressure (101 kPa). Six concentrations (10, 12, 14, 16, 18, and 20%) of N,/
CO, mixtures were selected to analyze the suppression of methane explosion by
N,/CO, mixtures. The results indicated that the maximum explosion pressure
(Pmax) Of methane explosions was 0.501 MPa (17% N, + 3% CO,), 0.487 MPa
(14% N, + 6% CO,), 0.477 MPa (10% N, + 10% CO,), 0.461 MPa (6% N, + 14%
CO,), and 0.442 MPa (3% N, + 17% CO,) in the presence of the same N,/CO,
concentration, and similar decreases in the rate of pressure rise, flame propagation
velocity, and production of free radicals were observed. Therefore, with the increase
of CO, concentration in the gas mixture, the inerting effect of N,/CO, was
enhanced. Meanwhile, the whole process of the methane combustion reaction was
affected by N,/CO, inerting, which was mainly attributed to heat absorption and dilution of the N,/CO, mixture. N,/CO, with a
greater inerting effect leads to lower production of free radicals under the same explosion energy and a lower combustion reaction
rate at the same flame propagation velocity. The findings of the current research provide references for the design of safe and reliable
industrial processes and the mitigation of methane explosions.

Article Recommendations

1. INTRODUCTION

Methane is an excellent alternative energy source for
. o 12
petroleum and an alternative fuel used in industry.”” It plays
an important role in the development of energy worldwide. As
a high-quality fuel and chemical raw material, methane has a
high combustion efficiency.” This provides energy for

and CO, are commonly used to suppress combustible gas
explosions due to their advantages of high efficiency,

0=22
Numerous

. o : 2
environmental friendliness, and convenience.
studies have been conducted to assess methane explosion
suppression by N, and CO, and are summarized in

publications. Di Benedetto™ investigated the explosion

industrial manufacturing, and methane can also be used in
organic curing reactions with hydrogen (H,) to realize
hydrogen storage and transf}))ort under easily accessible
temperatures and pressures.’° However, methane is highly
combustible such that the methane—oxygen mixture is readily
ignited.7 During the transportation and use of methane, a
certain concentration of methane will mix with air once a
methane leakage occurs, leading to a methane explosion when
encountering an open fire.* ' In the processing industry, the
flammable gas and dust explosions have strong destructive
power and present unpredictable risks in terms of equipment
damage, environmental pollution, and casualties."' "> With the
development of industrial technology, methane explosion
accidents are inevitable and pose a huge threat to industrial
safety, indicating the importance of preventing methane
explosions.'”'> Therefore, studies aiming to effectively prevent
and control methane explosions are important.

Currently, one of the most efficient methods for reducing
methane explosion hazards is using inert gases for suppression,
most frequently N,, CO,, He, and Ar.'o7Y Among them, N,
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behavior of a CH,/0,/N,/CO, mixture with different CO,
contents and oxygen air enrichment factors and observed that
the main effect of CO, is on the specific heat of the mixture.
Wang et al.”* revealed that the explosion pressure and limiting
oxygen concentration of methane explosion were reduced by
N, and CO,. According to Luo et al,”™ the inerting effect of N,
was better than that of CO, at high liquefied petroleum gas
concentrations. Xie et al.”® indicated that CO, participated in
the chain reaction of methane combustion, leading to the
incomplete combustion of methane. Furthermore, N, and CO,
are both the main components of industrial exhaust gas
produced by fossil fuel combustion.”” Large amounts of N, and
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Figure 1. Experimental device.
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CO, are present in these exhaust gases and their proportions
vary, suggesting that they can also be used as excellent
explosion suppressants.zg_30 In summary, previous investiga-
tions examining explosion mitigation mainly focused on an
individual inert gas,’”*> while fewer studies emphasized
explosion suppression by the combination of N, and CO,.
The inerting effects of N,/CO, mixtures with different
proportions on methane explosions were yet to be fully
understood. Moreover, previous studies mainly focused on the
explosion pressure, rate of increase in pressure, flame
temperature, and flame propagation velocity.””~*> However,
there were few studies on the radical production during
explosions. The variation in different radical production during
methane explosions under N,/CO, suppression was still rare,
and it was unclear whether some new phenomena exist in
methane explosion suppression for the N,/CO, mixture.
Therefore, studies of explosion mitigation by N,/CO, mixtures
with different proportions are important and will be useful for
the development of methane explosion prevention strategies.
More detailed data are required to reveal the effect of N,/CO,
inerting on methane explosions.

In this study, N,/CO, mixtures in various proportions were
adopted to quantitatively analyze their effects on methane
explosions. The inerting effect of N,/CO, was tested in a 20 L
spherical vessel, and parameters such as the explosion pressure,
rate of increase in pressure, pressure characteristic time, and
flame propagation velocity were obtained from the experi-
ments. In addition, the production of different key radicals
during methane explosion under N,/CO, suppression was
studied by recording the flame light radiation intensity at
different wavelengths. Furthermore, based on kinetic and
thermodynamic methods, a comparison of the explosion
energy and production of free radicals was performed to
reveal the effect of N,/CO, on the methane combustion
reaction. The study on the suppression of the CO,/N, mixture
on methane explosion is of significance for the recycling of
exhaust gas. Meanwhile, the relevant results may provide basic
data and references for the design of safe and reliable industrial
processes and the prevention of methane explosions.

2. EXPERIMENTAL DETAILS

2.1. Experimental Facility. The detailed experimental
setup is shown in Figure 1. It consisted of the following

components: a 20 L spherical vessel, a high-speed camera, an
oscilloscope, a transformer, a monochromator, a gas
distribution device, an ignitor, a vacuum pump, and a control
host. The 20 L spherical vessel was the reaction vessel used for
methane explosions, with a pressure resistance of 4 MPa. The
explosion pressure was measured by the pressure sensor
located inside the vessel with a precision of 0.001 MPa. The
sampling interval of the pressure sensor was 0.2 ms, and the
total recording time was 3000 ms. The round window was
composed of quartz, and the diameter of the window was 110
mm. An electric ignitor was employed in the center of the
vessel for ignition, and the ignition energy was 18 J with a 300
ms arc duration. The gas distribution device was controlled by
the control host, and the concentrations of CH,, N,, and CO,
were calculated by Dalton’s law of partial pressure.”® The
accuracy of the gas distribution device was 0.1%. The high-
speed camera captured images of the explosion flame every 0.2
ms (5000 fps) from the window. The monochromator was
used to record the flame light radiation intensity at different
wavelengths. The optical signal obtained from the mono-
chromator was converted into an electrical signal by the
transformer and shown on the oscilloscope every 0.2 ms. The
intensity of electrical signal was used to characterize the
production of free radicals during methane explosion.

2.2. Experimental Materials and Methods. The
flammable gas in this experiment was methane (CH,,
99.99%), which was provided by Shaan’xi Qinlan Chemical
Technology Co., Ltd, Shaanxi Province, China. The inert
gases were carbon dioxide (CO, 99.99%) and nitrogen (N,
99.99%), which were provided by Xi’an Yulong Gas CO., Ltd.,
Shaanxi Province, China. The experimental arrangement for all
tests is listed in Table 1. In this study, methane with a
stoichiometric concentration was used for explosion experi-
ments, and thus, the concentration of methane was 9.5%. Six
concentrations (10, 12, 14, 16, 18, and 20%) of N,, CO,, and
N,/CO, were selected to evaluate the methane explosion
intensity in the CH,—N,/CO,—air mixture. Five kinds of N,/
CO, were selected for further tests to fully understand the
effects of N,/CO, mixture proportions on inerting methane
explosions. The explosion pressure and rate of increase in
pressure were used to analyze the inerting effect of the inert gas
mixture, and the flame propagation velocity was calculated to
analyze the change in the methane combustion flame.
Furthermore, the flame light radiation intensity was used to
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Table 1. Summary of Experimental Scenarios

initial pressure equivalence vol. CH, vol. N, vol. CO,

(kPa) ratio (%) (%) (%)
101 1.0 9.5 0 0

9.5 10-20 0

9.5 0 10—-20
101 1.0 9.5 N N

9.5 6 6

9.5 7 7

9.5 8 8

9.5 9 9

9.5 10 10

9.5 3 17

9.5 6 14

9.5 14

9.5 17 3

characterize the radicals produced during methane explosion.
All measurements were performed at ambient temperature
(298 K) and pressure (101 kPa), and each experiment was
repeated more than 3 times to ensure the accuracy of the
experimental results.

Before the formal experiments, the maximum explosion
pressure (p,..) of methane explosion under N,/CO,
suppression was measured. The p.. value was used to
characterize the intensity of methane explosion. The decrease
in the p., value indicated that the intensity of methane
explosion was reduced. When the p,,,, value was the standard
atmospheric pressure, methane explosion did not occur. The
experimental results are displayed in Figure 2. The p,,., values

0.6
0.5 A
= M.
D? 0.4 \N
Z 03 N R
: N
= 0219.5% CH; p}\
0.1 \l
—9— N,/CO, (50% N, + 50% CO,) 3 \
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Concentration of N,/CO, (%)

Figure 2. p,.. of methane explosion with various concentrations of
N,/CO,.

decreased rapidly as the addition of N,/CO, increased. For the
stoichiometric concentration of methane—air, the complete
inerting concentrations of the N,/CO, mixture were 40%
(N,), 37% (N,/CO,), and 36% (CO,), respectively.

3. RESULTS AND DISCUSSION

3.1. Explosion Pressure. The explosion pressure and its
rate of increase in the presence of various N,/CO,
concentrations were determined from the explosion pres-
sure—time curves. Figure 3 displays the explosion pressure and
history of the rate of increase in pressure with the
stoichiometric methane—air mixture (9.5% CH,). Py is the
maximum explosion pressure, and dp/dt,,, is the maximum
rate of increase in pressure. After a delay of 24 ms, the
explosion pressure began to increase, and the rate gradually
accelerated. p,,. and dp/dt,,, were achieved at the time of ¢,
and t,... According to the curves, p., and dp/dt,, of

= Ap/dtyx Prax Explosion pressure
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Sosp [ N\ i mewns

g A ~~ ime to dp/dt,,,
504 ’

w

Zosl /]

203 ~~——
= \

S0t /]
Zoa f
)\,

=
O \/

0 100 200 300 400 500 600
Time (ms)

(= S A = ]

)
Pressure rising rate (MPa/s)

Figure 3. Curves of methane explosion pressure and pressure rising
rate.

methane explosions were 0.614 MPa and 9.9 MPa/s, and f,,,,
and f,.. were 164.6 ms and 1152 ms, respectively. The
detailed analysis of the CH,—N,/CO,—air mixture explosion is
provided below.

Figure 4 shows the p,... of methane explosion with various
N,/CO, proportions and concentrations. Notably, p..,
changed when N,/CO, was added to the confined vessel. As
the N,/CO, concentration increased from 10 to 20%, p,..
decreased from 0.599 MPa to 0.514 MPa (N,), 0.561 MPa to
0.477 MPa (N,/CO,), and 0.534 MPa to 0.433 MPa (CO,),
respectively. The p... value of the methane explosion
decreased as the concentration of N,/CO, increased, and
the group exposed to 20% CO, had the lowest maximum
explosion pressure. Meanwhile, the inerting effect is also
affected by the proportion of N,/CO,. When adding 20% N,/
CO,, the percent decrease ratios in p,,,, were 18.40% (17% N,
+ 3% CO,), 20.68% (14% N, + 6% CO,), 22.31% (10% N, +
10% CO,), 24.92% (6% N, + 14% CO,), and 28.01% (3% N,
+ 17% CO,) compared to that with no inert gas mixture (as
shown in Figure 4b). As a greater decrease in p,,,, occurred in
the group treated with 17% CO,, the explosion pressure
decreased to a greater extent when more CO, was added to the
gas mixture. Previous investigations suggested that the
explosion pressure is related to the explosion energy.’”**
The reduction in explosion pressure indicated a decrease in
explosion energy. As the p_. value decreased to a greater
extent, the N,/CO, mixture with higher CO, concentrations
had a greater inerting effect.

The variations in dp/dt,,,, with different N,/CO, mixtures
were studied and are shown in Figure 5. As the N,/CO,
concentration increased from 10% to 20%, dp/dt,,., decreased
from 9.141 MPa/s to 3.811 MPa/s (N,), 5.873 MPa/s to
3.280 MPa/s (N,/CO,), and 3.450 MPa/s to 1.637 MPa/s
(CO,), respectively. The dp/dt,,, value decreased more
rapidly as more inert gas was added. The dp/dt,,,, value of
the methane explosion was also affected by the proportions of
the N,/CO, mixture. When adding 20% N,/CO,, the percent
decrease in dp/dt,,,, was 63.36% (17% N, + 3% CO,), 64.95%
(14% N, + 6% CO,), 66.87% (10% N, + 10% CO,), 74.31%
(6% N, + 14% CO,), and 80.67% (3% N, + 17% CO,)
compared to that without an inert gas mixture (as shown in
Figure Sb). As the proportion of CO, in the gas mixture
increased, dp/dt,,,, decreased to a greater extent. The decrease
in the rate of increase in pressure indicates a reduction in the
methane combustion reaction rate.”**° Thus, the addition of
N,/CO, suppresses methane combustion. In addition, the
inerting effect of N,/CO, on p,,,, was significantly greater than
that on dp/dt,,,. The main explanation for this result is that
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Figure 4. p,.., of methane explosion with various concentrations of N,/CO, (a) and various proportions of N,/CO, (b).
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the reduction in the methane combustion reaction rate leads to 900

a lower explosion intensity, but the explosion is not completely ~s00l E imax

suppressed. Methane takes longer to be fully combusted, while £ Tiden

the explosion energy decreases slightly.40 2700 ,m Time toﬁ;};,‘ - I
Figure 6 displays the two characteristic times (, and t,;.y) g 600k

obtained with various N,/CO, concentrations. As the N,/CO, g

concentration increased from 10 to 20%, the t,,, values =300

increased from 193.8 to 516.4 ms (N,), 238.4 to 635.2 ms E 400

(N,/CO0,), and 408.4 to 762.8 ms (CO,), and the t,,,,, values 300

increased from 159.6 to 428.8 ms (N,), 214—511.6 ms (N,/
CO,), and 291.8—-571.6 ms (CO,). As the N,/CO,
concentration increased, t,,, and t,,,, were both prolonged.
The delay of p,,, indicated that the explosion energy increased
slowly, while the delay of dp/dt,,,,, indicated the decrease in the
combustion reaction rate. A higher concentration of N,/CO,
helped further suppress the methane explosion. The variations
in the two characteristic times with different N,/CO,
proportions were analyzed and are displayed in Figure 7.
When adding 20% N,/CO, mixtures, t,,,, was 543.8 ms (17%
N, + 3% CO,), $90.8 ms (14% N, + 6% CO,), 635.2 ms (10%
N, + 10% CO,), 668.4 ms (6% N, + 14% CO,), and 699.4 ms

10866

17+3 14+6 10+10 6+14 3+17
Volume fraction of N, + CO, (%)

Figure 7. t.,,, and t,,, of methane explosion with various proportions
of N,/CO,.

(3% N, + 17% CO,), and t,,,, was 459.6, 495.4, 511.6, 550.6,
and 587.2 ms, respectively. The delay in the methane explosion
was more obvious as the CO, proportion in the gas mixture
increased. As more CO, was added to the gas mixture, the
combustion reaction rate decreased, indicating slower ex-
plosive development. Therefore, the inhibitory effect is
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Figure 8. Flame propagation of the CH,—N,/CO,—air mixture.

promoted with the increase in the CO, proportion in the N,/
CO, mixture.

3.2. Flame Propagation. Figure 8 displays the methane
explosion flame propagation with different concentrations of
N,/CO,. For methane explosions without N,/CO,, the flame
became brighter and spread spherically at a variable velocity.
The flame front arrived at the window boundary at 34 ms. For
explosions with 10% N, or 10% CO,, as the flame surface
expanded, the concentration of O, around the flame surface
decreased due to the dilution of N,/CO,. The insufficient O,
caused incomplete combustion of methane, leading to a delay
in flame propagation. The explosion flame arrived at the
window boundary at 40 ms (10% N,) and 48 ms (10% CO,).
For explosions in the presence of 10% N, + 10% CO,, the
shape of the flame surface was changed through the combined
suppression by N, and CO,. At 78 ms, the upward flame
surface arrived at the window boundary, but the download
flame was still spreading. At 112 ms, the downward flame
surface arrived at the window boundary. Under N,/CO,
suppression, the explosion flame became weaker, and the
time required for the flame front to reach the window
boundary was significantly prolonged.

The velocity of flame propagation is one of the crucial
parameters to determine the inerting effect of the N,/CO,
mixture.*”*> A complete understanding of the flame dynamics
is remarkably important. The flame propagation velocity was

obtained from the flame images and calculated using eq 1"
. Ar dr T, = 1y 1 drz - drl
Uy = lim — = — = = —
A0 Az dt ,—-17 2 T,—71 (1)

where wuy is the flame propagation velocity, m/s; d is the
diameter of the spherical flame, mm; r is the radius of the
spherical flame, mm; and 7 is the time of the flame
propagation, ms. In this study, the velocity of upward flame
propagation from the ignition arc to the window boundary was
selected as the average flame propagation velocity (v,) and
used to analyze the effect of N,/CO, on flame propagation.
Figure 9 shows the method used to calculate the average flame
propagation velocity. The vertical distance from the ignition
electrode to the flame front was obtained from the flame
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Figure 9. Calculation method of flame propagation velocity.

images, and the time at which the upward flame front reached
the window boundary was recorded. As the upward flame front
of the methane explosion without N,/CO, arrived at the
window boundary at 34.2 ms, the average flame propagation
velocity of the unsuppressed methane explosion was 1.61 m/s.

Figure 10 depicts the average flame propagation velocity of
the methane explosion (v,) in the presence of varying
concentrations of N,/CO,. For a 10% N,/CO, gas mixture,
the v,, value decreased from 1.61 to 1.38 m/s (10% N,), 1.28
m/s (5% N, + 5% CO,), and 1.15 m/s (10% CO,), and the
velocity was reduced by 14.29, 20.50, and 28.57%, respectively.
When adding 20% N,/CO,, the percent decrease in v, was
55.27, 65.22, and 68.94%, respectively. Flame propagation
from the methane explosion was dramatically changed by N,/
CO, inerting. As the amount of N,/CO, added increased, the
flame propagation velocity was reduced to a larger degree. For
the gas mixture with different proportions of N,/CO,, the
inerting effect of N,/CO, varied. As shown in Figure 10b, in
the presence of the same concentration of N,/CO,, the
average flame propagation velocities were 0.67 m/s (17% N, +
3% CO,), 0.625 m/s (14% N, + 6% CO,), 0.56 m/s (10% N,
+ 10% CO,), 0.51 m/s (6% N, + 14% CO,), and 0.505 m/s
(17% N, + 3% CO,). As more CO, was added to the N,/CO,
mixture, the flame propagation velocity decreased significantly.
Thus, the inerting effect of CO, is more prominent than that of
N, in the inert gas mixture.

3.3. Radical Production. Previous investigations have
shown that the production of different free radicals can be
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Figure 10. Average flame propagation velocity of methane explosion with various concentrations of N,/CO, (a) and various proportions of N,/

CO, (b).

recorded by monitoring the variations in flame light radiation
intensity at different wavelengths (the intensity of free radical
emission spectra) during methane combustion.”’ In this
experiment, a monochromator was used to monitor the
emission spectra of different free radicals and fully understand
the effect of N,/CO, on the methane combustion reaction.
Nine free radicals were selected and set as A(*H) = 656.25 nm,
A(°*CH,0) = 412.1 nm, A(*OH) = 306.36 nm, A("CH) = 314.5
nm, A(°*CN) = 359.0 nm, A(*CHO) = 318.6 nm, A(*0) =
470.5 nm, A(*NO) = 237.02 nm, and A(*CO) = 199.09
nm.**~* The maximum intensity of flame light radiation
(Upnae) was used to characterize radical production. Figure 11

O vadical
80F - U O radical
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Figure 11. Flame light radiation intensity curves of methane explosion
under N,/CO, suppression (*O radical).

displays the flame light radiation intensity of the *O radical and
its variation in explosions containing various proportions of
N,/CO,. The U, value of the *O radical decreased, while the
time to U, was significantly prolonged as N,/CO, was
added. The reduction in *O radical production indicated that
O, consumption decreased during the explosion, and thus, the
methane combustion reaction was suppressed. When adding
N,/CO, in the confined vessel, the concentration of O,
decreased, indicating a reduction in the level of reactant
available for the methane combustion reaction.*’ In addition,
the minimum U,,,, value was observed when 20% CO, was
added, which was mainly attributed to the physical and
chemical properties of N, and CO,. According to chain
reaction theory, as high-energy free radicals collide with N, or
CO, molecules, the energy from radicals is transferred to inert
gas molecules. When adding more N,/CO,, the probability of
ternary collision increases, leading to reduced production of
free radicals.”” This energy absorption capacity is related to the
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heat capacity of the inert gas. With the addition of N,/CO,,
the overall specific heat capacity in the confined vessel
increased. More explosion energy was consumed by N,/CO,,
and thus, the methane combustion reaction rate was reduced at
lower flame temperatures..51 Meanwhile, because the volu-
metric specific heat capacity of CO, is greater than that of N,,
the group with a higher CO, concentration had a better heat
absorption capacity.”> Thus, the group treated with 20% CO,
produces a lower amount of *O radicals.

The variations in the levels of the nine free radicals with
different concentrations of N,/CO, were obtained, and the
results are displayed in Figure 12. When adding a 20% N,/CO,
mixture (10% N, + 10% CO,), the percent decrease in U,
was 36.98, 40.37, 39.76, 38.83, 32.04, 38.19, 64.59, 52.51, and
34.03%, respectively. As the concentration of N,/CO,
increased, the U, value decreased to a larger degree. The
detailed data associated with the percent decrease in U, are
shown in Table 2. All U,,,, values decreased with the addition
of N,/CO,. As free radicals, such as *O, *H, and *OH radicals,
affect the consumption of methane molecules, the reduced
levels of these radicals indicated that a considerable part of
methane in the confined vessel was not consumed during
combustion.” Similarly, the reduced levels of C-containing
radicals, such as *CO, *CH, *CHO, and *CH,0, indicated that
some methane did not participate in the combustion reaction.
Furthermore, the suppression of °CN and °NO radical
production proved that the addition of N, did not promote
the formation of N-containing radicals during combustion. The
whole process of the methane combustion reaction was
affected by the inert gas mixture. As the N,/CO, concentration
increased, the inerting effect of N,/CO, was enhanced, and the
production of the key free radicals was reduced.

The variation in radical production with different N,/CO,
proportions is displayed in Figure 13. The radicals produced
during the methane explosion were affected by the proportions
of the N,/CO, mixture at the same inert gas concentration.
The detailed data associated with U,,,, values obtained with
various N,/CO, proportions are shown in Table 3. For
example, the U, value of the *O radical was 54.33 V (17% N,
+3% CO,), 49.84 V (14% N, + 6% CO,), 38.01 V (10% N, +
10% CO,), 22.95 V (6% N, + 14% CO,), and 20.16 V (17%
N, + 3% CO,). The reduction in *O radical production might
be attributed to the decrease in the O, concentration;
meanwhile, the reduction in the collision probability of
methane molecules and oxygen molecules also inhibited *O
radical production.”* As CO, inerting was greater than that of
N,, the production of *O radicals decreased to a greater extent
as the proportion of CO, in the N,/CO, mixture increased.
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Figure 12. U,,,, of methane explosion with various concentrations of N, (a), N,/CO, (b), and CO, (c).

Table 2. Drop Ratios in U,,, at Different Wavelengths of Methane Explosion with the Same N,/CO, Concentration

drop ratio in maximum flame light radiation intensity (%)

vol. N, vol. CO, ‘0 *CN *CH *CHO *CH,0 ‘H *OH *Cco *NO
20 0 14.36 11.88 14.53 28.77 27.24 37.29 60.16 40.94 38.68
10 10 36.98 40.37 39.76 38.83 32.04 38.19 64.59 §52.51 34.03
0 20 62.76 56.92 63.82 54.98 43.97 43.9 80.12 62.87 38.6
80 80
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Figure 13. U, of *O, °H, *OH radical (a), *CH, *CHO, *CH,O0 radical (b), and *CH, *CHO, *CH,0 radical (c).

N, + 3% CO,). Specifically, CO, participates in the methane
combustion reaction through the elementary reaction *H +
CO, = *OH + CO.” More *H radicals are consumed by CO,,

Notably, the U,,,,, value of the *H radical was 54.33 V (17% N,
+3% CO,), 49.84 V (14% N, + 6% CO,), 38.01 V (10% N, +
10% CO,), 22.95 V (6% N, + 14% CO,), and 20.16 V (17%
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Table 3. U,,,, at Different Wavelengths of Methane Explosion with the Same N,/CO, Concentration

maximum flame light radiation intensity (V)

vol. N, (%) vol. CO, (%) 0 *CN *CH
17 3 54.33 52.87 48.95
14 6 49.84 49.67 45.68
10 10 38.01 32.51 30.5
6 14 22.95 24.11 19.92
3 17 20.16 22.84 17.68

*CHO °CH,0 ‘H ‘OH °CO *NO
36.17 36.69 34.11 17.54 9.54 8.01
33.69 35.82 3241 16.47 8.97 7.83
27.19 28.62 24.65 11.98 6.52 6.63
19.23 22.21 20.02 6.63 4.5 5.02
18.15 21.19 19.15 5.39 3.99 4.81

leading to the reduction of *H radicals involved in methane
combustion. Moreover, the addition of the N,/CO, mixture
leads to the incomplete combustion of methane, which further
suppresses the methane explosion.”® By comparing the results
for the production of nine radicals, it can be found that as the
CO, proportion in the N,/CO, mixture increased, the
amounts of all radicals produced decreased. Therefore, the
production of key free radicals might be effectively inhibited by
N,/CO, inactivation. As the proportion of CO, in the gas
mixture increased, the inhibition of radical production
gradually increased. In addition, the thermal dissociation of
CO, occurred at high temperature, and its main products were
CO and O,. With the addition of the N,/CO, mixture, the
heat generated by methane combustion decreased, which
inhibited the thermal dissociation of CO,. The decreased
production of CO and O, further suppressed methane
explosion.

3.4. Correlation Analysis. The relationships between
explosion energy and radical production, as well as flame
propagation and combustion reaction rate, are discussed in this
section. According to previous investigations, the explosion
pressure is related to the explosion energy, and the rate of
increase in the pressure is related to the combustion reaction
rate. The production of free radicals was affected by the
explosion energy, and flame propagation was affected by the
combustion reaction rate. In this study, p.. was used to
characterize the explosion energy, and U,,,, was calculated to
characterize the production of free radicals. The relationship
between p,,,, and Uy, for the *O radical is displayed in Figure
14. Notably, p,.., basically exhibited a linear relationship with

80 Bright flame [
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More free radical production
~ 60F [
> max * 01
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=
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Figure 14. Relationship of p,.,, and U,,,,, of methane explosion under
N,/CO, suppression.

Upnax First, at the same p,,, value, the U, value of the group
exposed to 20% CO, was significantly lower than that of the
other two groups, indicating a lower amount of radical
production at the same explosion energy. Therefore, the N,/
CO, mixture with a greater inerting effect has a greater
capacity to inhibit radical production at the same explosion
intensity. Second, as p.,, increased, the U, value obtained

with different proportions of N,/CO, inerting increased to
varying degrees. Assuming that p_ . and U, were linear, the
relationship between p.., and Uy, for *O radicals was
calculated using eq 2

Unax = kup,, T b (2)

where ky is the slope of the fitting line, which indicates the
effect of the explosion energy on radical production. The larger
the value of ky, the greater the effect of the explosion energy
on radical production. The slope values of the fitting lines for
different radicals are shown in Figure 15. For *O radicals, the
ky values were 26.27 (20% N,), 98.47 (10% N, + 10% CO,),
and 123.38 (20% CO,). As the proportion of CO, in the N,/
CO, mixture increased, the effect of the explosion energy on
radical production increased. Similar results were obtained
from the analysis of nine radicals, indicating the effect of the
N,/CO, mixture on inhibiting radical production. Therefore,
the N,/CO, mixture exerts a significant effect on radical
production, and the mixture with greater inerting leads to
lower production of free radicals at the same explosion energy.

In addition, dp/dt,,, was selected as the parameter to
characterize the combustion reaction rate. The relationship
between the combustion reaction rate and flame propagation
velocity was discussed, and the results are displayed in Figure
16. In this figure, dp/dt,, Dbasically exhibited a linear
relationship to the flame propagation velocity. At the same
flame propagation velocity, the group with a greater inerting
effect had a lower dp/dt,,,, value, indicating a reduction in the
combustion reaction rate. Assuming that dp/dt,,, and flame
propagation velocity were linear, the relationship between
them was calculated using eq 3

v, =kdp/dt .+ b (3)

where k, is the slope of the fitting line, which was used to
characterize the relationship of the combustion reaction rate
and flame propagation velocity. As shown in Figure 16b, the k,
values were 0.10 (20% N,), 0.25 (10% N, + 10% CO,), and
0.33 (20% CO,). As the concentration of the N,/CO, mixture
increased, the flame propagation velocity of the group
containing more CO, decreased more rapidly. Therefore, at
the same flame propagation velocity, the N,/CO, mixture with
a greater inerting effect would lead to a lower combustion
reaction rate.

By comparing the experimental results with the analytical
results, it can be found that the N,/CO, mixture displayed an
excellent inerting effect of methane explosions, which was
mainly reflected in the reductions in explosion pressure and
methane combustion reaction rate. The production of different
free radicals was reduced under N,/CO, inerting, so the
methane combustion reaction had more difficulty in
proceeding, and the intensity of methane explosion was further
weakened. Furthermore, methane explosion flame propagation
was suppressed under N,/CO, inerting. As the flame
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propagated, more heat generated by methane combustion was N,/CO, mixture with a greater inerting effect made the radical
absorbed by N, and CO, molecules, and the energy absorbed production and combustion reaction rate decrease to a larger
by methane combustion was further reduced. Meanwhile, the degree. Therefore, the N,/CO, mixture influenced all
10871 https://doi.org/10.1021/acsomega.2c07053

ACS Omega 2023, 8, 1086310874


https://pubs.acs.org/doi/10.1021/acsomega.2c07053?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07053?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07053?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07053?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07053?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07053?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07053?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07053?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07053?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07053?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07053?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07053?fig=fig17&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

flammability parameters, such as the explosion pressure, rate of
pressure rise, and laminar burning velocity, and the whole
process of the methane combustion reaction was affected by
N,/CO, inerting. Based on the aforementioned discussion, the
synergistic inhibitory mechanism of the N,/CO, mixture is
displayed in Figure 17. The overall specific heat capacity of the
gas mixture increased with the addition of N,/CO,, which led
to the consumption of a large amount of heat produced by the
explosion, thus reducing the explosion energy. Meanwhile, the
production of most radicals was reduced under N,/CO,
inerting, which was mainly attributed to the reduction in the
levels of reactants involved in the combustion reaction. First,
the O, concentration in the vessel decreased as N,/CO, was
added, leading to the incomplete combustion of methane.
Second, as the explosion energy decreased, more methane
molecules were unable to participate in the combustion
reaction. Based on these results, the methane explosion
intensity was further weakened. Notably, the specific heat
capacity of CO, is higher than that of N,, indicating a greater
heat absorption of CO, following the addition of the same
amount of the gases. Furthermore, CO, participated in the
methane combustion reaction through the elementary reaction
*H + CO, = *OH + CO, resulting in the reduction of *H
radicals involved in methane combustion. Thus, the inerting
effect of N,/CO, was improved as the proportion of CO,
increased.

4. CONCLUSIONS

In this study, the inerting effect of CO,/N, on methane
explosion was comprehensively analyzed by comparing the
explosion pressure, flame propagation velocity, and production
of free radicals. The main conclusions are summarized below.

The parameters of methane explosion with various
proportions of the N,/CO, mixture, such as explosion pressure
and rate of increase in pressure, were obtained, and the inerting
effect of the inert gas mixture was characterized by these
parameters. For 20% N,/CO,, the p,. values of the gas
mixture explosion are 0.501 MPa (17% N, + 3% CO,), 0.487
MPa (14% N, + 6% CO,), 0.477 MPa (10% N, + 10% CO,),
0.461 MPa (6% N, + 14% CO,), and 0.442 MPa (3% N, +
17% CO,), and the dp/dt,,, values are 3.627, 3.47, 3.28, 2.543,
and 1.914 MPa/s, respectively. The inerting effect of N,/CO,
improves as the proportion of CO, in the inert gas mixture
increases.

The variations in radical production during the methane
explosion under N,/CO, inerting are clarified. N,/CO,
inerting plays an important role in suppressing methane
explosions, which exerts a significant effect on the methane
combustion reaction. As the N,/CQO, concentration increases,
the flame light radiation intensity at different wavelengths
decreases, indicating a reduction in key free radical production
(*H, *CH,0, and *OH). The addition of N,/CO, leads to a
decrease in the O, concentration, and the heat absorption of
N,/CO, prevents more methane in the confined vessel from
participating in the combustion reaction.

The relationship between the explosion energy and radical
production is discussed. At the same explosion energy, N,/
CO, with a greater inerting effect will lead to a lower
production of free radicals. Meanwhile, the relationship
between the flame propagation velocity and combustion
reaction rate is discussed. At the same flame propagation
velocity, N,/CO, with a greater inerting effect will lead to a
lower combustion reaction rate. The explosion energy and

methane combustion reaction rate are affected by N,/CO,
inerting. As the proportion of CO, in the N,/CO, mixture
increases, the explosion energy and combustion reaction rate
are both reduced to a larger degree.
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