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ABSTRACT: The explosion characteristics of premixed gases under different equivalence ratios (1.0—
3.0) and inert gas addition (5—20%) are experimentally investigated, and sensitivity analysis of the
radical reactions is carried out using the USC Mech II model to analyze the molar fraction of radicals.
The results show that at high equivalence ratios, inert gas has little effect on flame stability. The addition
of an inert gas reduces the tensile rate in the early stage of flame growth. At high equivalence ratios, CO, __° ' % "ui.
inhibits explosive flame propagation twice as effectively as N,. Due to the large heat capacity and ool
chemical kinetic effects, CO, has a stronger inhibitory effect on the explosion pressure than N, and the
inhibition efficiency on the explosion strength is nearly twice that high. To further analyze the effect of
different inert gas addition ratios on chemical kinetics, sensitivity analysis, and molar fraction simulations
were performed. The thermal and chemical kinetic effects of CO, cause later generation of H and OH
radicals and the partial chain reaction involving CO, causes a lower peak of H radicals than the peak of
H radicals generated under an N, atmosphere. However, CO, is a direct reactant and the third body to

produce a small chemical kinetic effect.

1. INTRODUCTION

As an eflicient, low-carbon, clean, and renewable green energy,
hydrogen energy plays a vital role as a carrier in the global
energy structure transformation, and its demand and
application continue to grow.' ® According to the Interna-
tional Energy Agency (IEA), the global demand for hydrogen
energy has reached 94 million tons in 2021, and according to
the current hydrogen development policies formulated by
various countries, the global demand for hydrogen is expected
to exceed 130 million tons by 2030. By the end of 2020, there
were 814 hydrogen refueling stations worldwide. In China,
there are 66 hydrogen refueling stations. Hydrogen can be
used in both engines and fuel cells, especially in hydrogen fuel
cell vehicles, which are an excellent system for utilizing
hydrogen as fuel cells produce only water and are highly energy
efficient. However, hydrogen has a wide flammability limit
(about 4—75% by volume), exceedingly low ignition energy
(minimum value of 0.019 m]J), is extremely leaky and brittle,
and is highly susceptible to accidental fires and explosions.”*

In recent years, researchers have conducted extensive basic
research on hydrogen safety, including ignition limits, ignition
locations, initial conditions, and shock waves.””* Zhang et
al."'® developed an explosion limit model for combustible gas
mixtures and made predictions theoretically. The dependability
of the predicted results was tested experimentally, and the
effect of blast destabilization on combustible gas mixtures was
investigated. Guo et al.'” and Cao et al.'® conducted an
experimental study of the explosive emissions from hydrogen/
air mixtures under counter-ignition, center ignition, and
preignition conditions. The results showed that the over-
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pressure, flame spread speed, and flame size were maximum for
central ignition and minimum for preignition. Wang et al.'’
experimentally investigated the influence of ignition location
on the explosion behavior of hydrogen, comparing the effect of
flow field characteristics for central and asymmetric ignition.
Huang et al.”””' studied that the shock wave strength and
flame transmission velocity increased with the initial pressure
and that fluid dynamics and thermal instabilities can cause self-
accelerated transmission of spherically expanded flames,
thereby exacerbating the explosion phenomenon. Hou et
al.”? investigated the blast instability of CH,—H,—0O, mixtures
at various starting pressures. The results showed that an
increase in starting pressure at hydrogen contents below 50%
was beneficial in reducing the burst instability of low-hydrogen
fuel blends. Bauwens et al.”*~** investigated the influence of
hydrogen concentration and starting turbulence on the
explosion pressure and turbulent flame speed of hydrogen.
As the hydrogen concentration increased, the maximum
pressure increased, and the flame burn speed increased. The
growth of the initial turbulence increased the whole speed of
flame propagation and maximum overpressure. Rudy et al.*®
studied high-rate turbulent deflagration of premixed hydrogen,
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the transition process to detonation, and turbulent flame speed
rates. Zhang et al.>” evaluated the dynamical explosion severity
of hydrogen in spherical sealed tanks and obtained multi-
dimensional transient explosion characteristics. Grune et al.*®
investigated heterophase hydrogen-air mixtures with a
concentration gradient and showed that flames could only
speed in the detonation state when the hydrogen concen-
tration was above 20.5%; the detonation speed and pressure of
a hydrogen explosion with a concentration gradient were
decided by the hydrogen fraction at the top of the tube. Kim et
al.”” carried out a fundamental study of the unexpected
explosion behavior of hydrogen-air mixtures in the open field.
The results showed that the shock wave strength was
influenced by the combustion velocity, volume swelling
speed, and flame acceleration; the flame crease increased, the
burning velocity increased, and the shock wave increased. In
addition, Ma et al.*° studied the influence of cavities on the
transmission behavior of explosive flames and showed that the
flame surface area increased due to the growth of vortices and
the evolution of turbulence and that the expansion flow from
the delayed combustion of the unburned gas in the vortex
cavity accelerated the flame leading edge. Wang et al.’’
investigated through numerical simulations and experiments
that the explosion flame splits and merges as it passes through
a two-channel obstacle, with the maximum velocity first
increasing and then decreasing as the block is away from the
ignition location. Cao et al.’® investigated the effect of
obstacles on the explosion characteristics of syngas (H,/CO)
under poor ignition conditions and revealed the correlation
between flame propagation properties and explosion strength.
Luo et al.”® experimentally investigated the action of a lean
hydrogen explosion in a 20L vessel with an opening at one end
and explored the influence of gas concentration, exhaust port
location, and obstacles on the coupled heat-acoustic-vibration
phenomenon in the middle and late stages of the explosion.
Hydrogen explosions can destroy buildings, damage
generating equipment, and cause casualties.”* > Therefore,
the study of hydrogen explosion hazards and their prevention
is of great importance for the safe use of hydrogen. Inerting,
suppression, and ventilation are common methods to reduce
the risk of hydrogen explosions, with inert gases being most
commonly used to suppress gas explosions due to their
inertness, chemical stability, cleanliness, and effectiveness. N,
and CO, are considered to be the most important explosion
suppression gases and are used in many cases to provide an
inert environment to prevent further expansion of the
explosion. Wang et al.”” studied the explosion process of H,-
LPG-air mixtures in the presence of N, and CO, and showed
that the addition of the equal volume fraction of CO, was
more effective in suppressing the explosion. Wang et al.*®
gained the explosion characteristics of hydrogen explosion
diluted with Ar, N,, and CO, at subatmospheric pressure and
compared the peak explosion pressure, maximum pressure rise
rate, and deflagration index. Li et al.* studied the influence of
inert gases on the bursting of hydrogen clouds by experimental
and numerical methods and proposed that inert gases
destabilize hydrogen-poor and stoichiometric hydrogen flames.
Wei et al.*” and Zhang et al.*! studied the effect of N, and CO,
on the suppression of hydrogen flame properties in fixed-
volume incendiary bombs and closed channels, respectively,
and noted that CO, is a superior flame propagation suppressor
than Ar and N,. Li et al.** concluded that the thermal diffusion
instability of hydrogen-air explosions increases and hydro-

dynamic instability decreases as the number of CO, increases.
Yang et al.* studied the effects of He, Ar, and N, on the flame
speed of hydrogen mixtures by varying the ignition location.
Zhang et al.** studied the multistage inhibition of hydrogen
explosion by nonpremixed N, and CO, in a confined pipeline
and concluded that the multistage inhibition effect of same-
side retarders was not obvious compared with single-stage
inhibition, while the multistage inhibition effect of different-
side retarder was the best. Shang et al.*’ experimentally
investigated the inferior combustibility limit of H,—CO
mixtures diluted with N, and CO, at different initial pressures
and found that the dilution influence of CO, on the inferior
combustibility limit was stronger than that of N,. In addition,
the inert gas was found to have a strong influence on the flame
structure evolution and the thermodynamic state parameters.
Zhang et al.*® studied the influence of inert gas on the
propagation characteristics of H,/CO/air mixed turbulent
premixed flames and found that CO, dilution had a more
pronounced inhibitory effect on flame radius. Yan et al.*’
experimentally investigated the propagation behavior and
explosion pressure characteristics of hydrogen flames near
the suppression limit and found that the adiabatic flame
temperature, thermal diffusion coeflicient, and molar fraction
of reactive radicals continued to decrease with increasing CO,
and N, content. Wang et al.’ experimentally tested the
influence of dilute gas on the explosion pressure of hydrogen
and calculated the burning heat loss and thermodynamic
parameters and found that the influence of dilute gas on the
explosion pressure parameters of hydrogen was more
significant in the depleted fuel state. Zhang et al.*® studied
the suppression of flame of hydrogen explosions in closed
channels by N, and CO, and found that N, and CO, inhibited
flame velocity and overpressure accumulation. Zhang et al.*’
modeled the ignition behavior of H, explosion with He, Ar, N,,
and CO, at different equivalence ratios and discussed the
thermodynamic and flame kinetic effects of dilution.

So far, there are relatively few studies related to the
explosion properties of high equivalence ratio hydrogen
premixed gases, the inert gas on the hydrogen-rich conditions
of the explosion suppression research needs to be deepened,
and the studies on hydrogen explosion have mainly centered
on open tanks, but in reality, hydrogen explosions are more
prone to occur in confined spaces. Therefore, in this paper, the
explosion pressure properties of hydrogen/air premixed gas
and inerting laws are studied using a visual spherical explosion
experimental system, and high-speed images of the flame
propagation process are recorded. Then, the flame propagation
velocities under different working conditions were calculated,
and the explosion suppression effects of N, and CO, were
analyzed comparatively. Finally, a sensitivity analysis of the
relevant radicals (H, OH) was performed based on the USC
Mech II model. The pressure characteristics parameters and
inerting laws obtained from this test can provide a theoretical
basis for the explosion-proof safety design of hydrogen energy-
related industries, and a reference for safety management,
formulation of emergency measures, and evaluation and audit.

2. EXPERIMENTAL SECTION

2.1. Experimental System. A standard 20L explosive
sphere was used for the experiments, consisting mainly of a
multichannel gas distribution system, an ignition system, and a
data acquisition system. The schematic diagram of the
experimental setup is shown in Figure 1. The spherical
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(5)

Figure 1. Experimental system ((1) high-speed camera, (2) explosive
ball, (3) window, (4) pressure sensor, (S) igniter, (6) computer, (7)
vacuum pump, (8) hydrogen cylinder, (9) nitrogen cylinder, and (10)
carbon dioxide cylinder).

explosive device has a 110 mm diameter glass sight glass to
observe flame propagation. The gas distribution was according
to Dalton’s law of partial pressure with an accuracy of 0.1%.
The ignition device uses a high-pressure pulse ignition with an
ignition energy of 0.18 J. The ignition electrode is located at
the geometric center of the 20 L ball with a positive and
negative spacing of 3.0 mm. The pressure value is collected
using a high-frequency pressure sensor with a range of —0.1 to
2.0 MPa, a data collection interval of 0.2 ms, and a resolution
of 0.001 MPa. A high-speed camera (USA Vision Research
Company, 1.2 megapixels) was used to collect photographs of
the blast process at a camera frame rate of 5000 fps. The image
information such as the flame radius and flame area of the
flame pictures was obtained by the MATLAB program written.

2.2. Experimental Conditions. All experiments were
performed at ambient pressure (1.0 atm) and temperature
(298 K). The hydrogen equivalence ratio ¢ is the ratio of the
theoretical air volume required for the complete combustion of
hydrogen to the actual air volume supplied:

¢ = VAlr/(l - VHZ - ‘/Inert) (1)

where Vy, and Vi, represent the volume fractions of
hydrogen and inert gas in the premixed gas, respectively. V,;
denotes the theoretical amount of air required for the complete

listed in Table 1. In the experiments, the volume fractions of
N, (or CO,) were 5, 10, 15, and 20% respectively.

2.3. Parameter Definitions. The propagation sg)eed of the
stretched flame in a ball-shaped diffusion flame is®

S, = dRa/dt ()

In eq 2, Ra is the flame radius in the photo and t is the time.
The area equivalence flame radius is given by eq 3.

Ra = JA/x 3)

where A is the flame area. The burning rate of the flame is
affected by the strain and tensile rate of the flame surface. The
tensile rate is calculated as

1442 dRa 2

a = = =
Ad Ra dt Ra (4)

According to the Markstein length theory, there is a linear
correlation between the unstretched laminar flame trans-
mission speed S’ and the stretched flame transmission speed
S, of spherical expanding flame.*’

Sp = Sy = Ly (%)

where Ly is the Markstein length and « is the flame stretch
rate. S,° can be obtained by extrapolating the Sy in eq 5 to a =
0, The negative value of slope Ly, of the fitting line S,—a is the
Markstein length after the gas reaction, which reflects the
sensitivity of the flame to stretching and characterizes the flame
stability. When Ly > 0, it means that the flame transmission
speed decreases with the increase of stretching, the prominent
flame transmission speed will be suppressed and the flame will
stabilize.

The laminar transmission speed of flame is calculated as
follows:”"

S. = P,S/, (6)

In eq 6, p, and p, are the densities of combusted and
uncombusted gas, respectively. Calculation of p, and p, using
the Chemkin-Premix code.

The deflagration index Kg is the rate of increase in pressure
for the combustion and explosion of an equivalence volume of
gas in a container.””

combustion of hydrogen. The detailed gas compositions are Kg = (dP/dt) YV (7)
Table 1. Percentage of Each Component in Premixed Gas”
17 1.0 14
H,% 29.58 28.10 26.62 25.14 23.66 37.03 35.18 33.32 31.47 29.62
N,%/C0,% 0 s 10 15 20 0 5 10 15 20
air% 70.42 66.9 63.38 59.86 56.34 62.97 59.82 56.68 53.53 50.38
® 1.8 22
H,% 43.05 40.90 38.75 36.59 31.44 48.02 45.62 43.22 40.82 38.42
N,%/CO,% 0 S 10 15 20 0 S 10 15 20
air% 56.95 54.1 5125 4841 48.56 51.98 49.38 46.78 44.18 41.58
@ 2.6 3.0
H,% 52.2 49.59 46.98 44.37 41.76 55.75 52.96 50.18 47.39 44.6
N,%/CO,% 0 S 10 15 20 0 S 10 15 20
air% 47.8 45.41 43.02 40.63 38.24 44.25 42.04 39.82 37.61 35.4

“The purity of the H,, CO,, and N, gases used is >99.9%. The main goal of each working condition is to study the influence of dilute gas on

hydrogen explosion at high equivalence ratios.
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where Kj is the deflagration index, (dP/dt),,,, is the maximum
pressure growth rate, and V is the vessel volume, taken as 0.02

m® in this paper.

3. RESULTS AND ANALYSIS

3.1. Flame Characteristics. Figure 2 shows the basic
process of flame development in a premixed gas explosion at a

v

/

E -

(—
-

Flame front

Figure 2. Sketch of the explosion flame development process.

hydrogen equivalence ratio of 1.0. For simplicity, a few specific
moments were chosen to illustrate the flame propagation
process in a confined space. After successful arc ignition, the
flame spreads rapidly, with the flame front separating the
already and unburned gas bodies and the energy generated by
combustion spreading continuously by heat conduction,
thermal convection, and thermal radiation, leading to a gradual
increase in the flame radius. At the same time, the total energy
in the space accumulates as the oxidation reaction proceeds
and the energy spreads. At 3.2 ms the flame radius is 40 mm,
and at 4.8 ms the flame spreads to the edge of the window;
throughout the process, the spherical flame structure expands
and the flame brightness gradually increases.

Figure 3 shows the flame propagation of hydrogen
explosions with Vj,., = S, 10, 15, and 20% N, (or CO,) and
hydrogen equivalence ratios of ¢ = 1.0, 1.4, 1.8, 2.2, 2.6, and
3.0. The inhibition effect of inert gases on hydrogen explosions
is mainly due to the influence of flame brightness, propagation
rate, and flame structure. The brightest explosion flame is
obtained for the same V., of N, or CO,, with an equivalence
ratio of ¢ = 1.4, indicating that the oxidation reaction is most
intense in a constant volume space at ¢ = 1.4. As ¢ exceeds
1.4, the explosion flame luminance diminished with increasing
@. At the same V., the explosion flame luminance decreases
with increasing V., which indicates that the more inert gas is
added, the lower the explosion intensity. When ¢ = 1.0, the
time to grow the flame radius to 40 mm was 4.8 5.0, 5.2, and
6.8 ms for the addition of S, 10, 15, and 20% N,, respectively,
which were 1.50, 1.56, 1.63, and 2.13 times longer than the
pure hydrogen explosion at ¢ = 1.0. At ¢ = 1.0 with 5, 10, 15,
and 20% CO, added, the time to grow the flame radius to 40
mm was 5.0 7.8, 9.8, and 11.6 ms, respectively, 1.56, 2.44, 3.06,
and 3.63 times that of a pure hydrogen explosion at ¢ = 1.0.
This indicates that the inert gas has a significant inhibitory

25mm  30mm  35mm  40mm|R.~6mm 10mm 1Smm 20mm 25mm 30mm 35mm 40mm

Figure 3. Flame propagation processes.

effect on the flame propagation velocity, which is more
pronounced for CO, compared to N,. Furthermore, it can be
observed that the fold at the leading edge of the explosion
flame changes significantly after the addition of CO,. Studies of
the effect of CO, on hydrogen explosions by Li** have shown
that under hydrogen-rich conditions, the number of cracks in
the flame remains constant and the flame surface is smooth.
There are two usual reasons for the appearance of folds on the
flame front: one is the influence of the ignition electrode, but
the ignition electrode only has an effect when the radius is
small; The second is caused by the instability of the constant
expansion flame, specifically due to the pressure gradient on

https://doi.org/10.1021/acsomega.3c07631
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the flame front and the oblique pressure torque generated by
the action of the density gradient on the vertical flame surface.
The stronger the flame instability, the more oblique pressure
torque generated and the denser the folds on the front surface.
It is clear from the images of the exploding flame after the
addition of CO, that the flame front folds are densest at ¢ =
1.0 for the same Vy,..; As @ increases, the flame front folds
gradually decrease. This indicates that in the fuel-rich state the
flame instability is reduced by the increase in the amount of
hydrogen. For the same Vi, the more inert gas is added in
the range of 5—20%, the smaller and more numerous the
explosion flame front folds are, indicating that the increase in
inert gas addition increases the flame instability.

Based on the Matlab processing results of the flame image, a
graph of the flame radius as a function of time is obtained, as
shown in Figure 4. The spherical flame is initially affected by
the energy emitted by the ignition electrode, which is
eliminated when the flame radius is greater than 6 mm.>>>*
The effective flame radius selected for this test was 6 to 55 mm,
and the analysis error is within 3%.

As can be seen in Figure 4, the premixed gas explosion flame
radius is linear with time for different V3., and for different ¢.

4830
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Under the same ¢ conditions, the more N, or CO, added, the
longer the time required for the explosion flame radius to reach
the maximum radius, indicating that there is still a positive
correlation between the inhibition of explosion flame
propagation by an inert gas under hydrogen-rich conditions.
Under the same conditions of Vi, the suppression effect of
CO, on the radius of propagation of the explosion flame was
significantly better than that of N,. The development of the
radius of the explosion flame with the addition of 10% CO,
was close to that with the addition of 20% N,. The flame radius
of the explosion flame with the addition of 20% N, was also
close to that with the addition of 20% CO,. With the addition
of 10% CO,, the time required for the explosion flame to reach
its maximum radius was significantly longer than that required
with the addition of 20% N, at the same ¢, indicating that the
inhibitory effect of CO, on the flame propagation rate was
twice as great as that of N, under hydrogen-rich conditions. In
addition, with the same increase in the amount of inert gas,
CO, exhibits a better suppression effect. For example, the time
for the flame to grow to its maximum radius increases by a
factor of about 1.75 for an increase in the addition of N, from
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Figure S. Variation of the tensile flame propagation velocity with tensile rate.

S to 20% at a = 1.4, and the time required for the flame radius
with the addition of CO, increases by a factor of 2.4.
The relationship between the propagation velocity Sy, of the

stretching flame and the stretching rate « is given by eqs 5 and
6. Figure 5 shows the relationship between S, and a for
hydrogen explosion under the inert gas addition conditions. In

48309

the initial stages of flame development, the flame radius is
small and «a is large. As the flame radius increases, the
stretching of the flame front essentially continues to diminish.
There is an approximately linear relationship between S, and a.
The unstretched flame propagation velocity S; can be gained by
extrapolating S, to @ = 0. The slope of the straight line
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obtained from the fit of S, and « is the negative value of the
combustion gas Markstein length L;. As the inert gas addition
ratio increases, the absolute value of the slope of the Sy—a
straight line does not change much, ie., L, does not change
much, which indicates that the effect of inert gas on flame front
stability is not significant when Vi, < 20%. The inert gas
reduces the rate of propagation of the stretching flame and
decreases the rate of stretching in the early stages of the
explosion. The higher the specific gravity of the dilute gas, the
lower the initial stage stretching rate.

The unstretched flame propagation speed S; was gained from
the intercept of the fitted line in Figure 5 for different
conditions, as shown in Figure 6. The upstretched flame

20
@ 5%N,
18 F -@- 10% N,
-@- 15% N,
16 | -@- 20% N,
= 5% CO,
14 F = 10% CO,
- 15% CO,
@o 12 == 20% CO,
g
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8 -
6 =
=7 m_ L=
4 E’ - —55“‘E~— - h=!
B —
2 1 1 1 1 1
1.0 1.5 2.0 2.5 3.0

Equivalence ratio

Figure 6. Unstretched flame velocity.

propagation speed S| tends to increase and then decrease with
the increase of ¢, and the upstretched flame propagation speed
is maximum when @ = 1.4. As V., increases, S| decreases.
Comparing the suppression of the upstretched flame
propagation velocity by N, and CO,, it can be seen that the
suppression of inert gas is greatest in the ¢ range of 1.4—1.8,
while it becomes significantly less at ¢ = 1.0 and 3.0.

Figure 7 shows a line graph of the laminar flame propagation
velocity U;. The experimental results are calculated according
to eq 6. As can be seen from Figure 7, both the experimental
results and the numerical calculations show that U; becomes
smaller with increasing Vy,., in an essentially linear relation-
ship. The Up of hydrogen explosion does not vary much at
different V., for 1.4 < ¢ < 2.2. The combustion mechanism
used in the flame simulation module is based on USC Mech II
proposed by Hai Wang.>> Hai’s mechanism was chosen
because it updates the rate coeflicients, third-body efficiencies,
and radical generation enthalpies, improves the overall
combustion characteristics including ignition delay, laminar
flame velocity, and the accuracy of predictions of detailed
species distributions in the flame and flow reactor, and is
thoroughly tested by comparing the calculated kinetic results
with experiment. Figure 7 shows that the simulated calculated
laminar flow combustion velocities agree well with the
experimental results, indicating the high reliability of the
experimental results.

3.2, Pressure Characteristics. Figure 8 shows the
explosion pressure variation curves for various ¢ values and
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Figure 7. Experimental and simulation results for laminar flame
velocity Uy.

different V... The pressure evolution process can be classified
into a steady pressure phase and a pressure accumulation
process. In the steady pressure phase, the pressure inside the
constrained sphere is maintained at a starting value and the
flame properties are solely influenced by the starting conditions
of the mixture. In the build-up phase, the pressure
accumulation is due to the continuous oxidation reaction. As
Vinert increases, the duration of the constant pressure phase
increases significantly, as does the appearance of the peak
pressure. After ¢ > 1.4, the duration of the constant pressure
phase increases with increasing .

Figure 9 shows the variation of the maximum explosion
pressure and the time to the maximum pressure rise rate for
premixed gases as a function of ¢ and Vi, As @ increases, the
maximum explosion pressure decreases gradually with the
addition of inert gas with different Vy,., values and the
pressure reduction rate increases continuously. From Figure
9a, b, the law of variation of the pressure peak can be seen as
follows: the maximum value of the peak explosion pressure
with the addition of 5% N, is 0.853 MPa. Pressure peaks with
the addition of 20% N, are greater than the explosion pressure
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Figure 9. Explosion pressure peak variation curve and time to maximum pressure rise rate ((a) peak pressure variation curve with time; (b) decay

rate of peak pressure; (c) time to the maximum pressure rise rate).

peaks with the addition of 10% CO,. When ¢ is the same, CO,
on the pressure peak inhibition range from 4.52 to 25.17%, N,
on the pressure peak inhibition range from 1.04 to 12.53%,
indicating that the influence of CO, inhibition is obviously
better than N,, and the inhibition efficiency is close to twice.
The maximum suppression of the explosion pressure peak was
31.09% for N, additions up to 20%, which was close to the
suppression of the pressure peak (32.25%) with the addition of
10% CO, at the same ¢. The suppression of pressure peaks is
evident with CO, additions above 15% and has a maximum
suppression of 42.69% and a minimum suppression of 19.84%.

3.3. Sensitivity Analysis. A sensitivity analysis of the
laminar flow flame velocity U; was performed in order to
explore the influence of N, and CO, on flame propagation at
the basic reaction level. The sensitivity analysis was carried out
using USC Mech II model, which solves the steady-state mass,

species, and energy conservation equations using a hybrid time
integration/Newtonian iteration technique.s‘s’57 The sensitivity
coeflicients of elemental reactions to laminar combustion rates
for different ¢ under pure hydrogen conditions are listed in
Figure 10. Among all equivalence ratios ¢, the most important
basic reaction to increasing the Uy is R1 (H + O, = O + OH).

Table 2 lists the basic reactions and the corresponding
number of steps. Regardless of the equivalence ratio ¢, the
reaction R1 always has the maximum sensitivity coefficient,
and the reaction R12 (H + O, + M = HO, + M) has the lowest
sensitivity coefficient. Since laminar combustion of hydrogen/
air mixtures is strongly dependent on the concentration of H
and OH radicals, OH and O radicals are formed in R1 despite
the high consumption of H radicals, and the increase in ¢
enhances the chemical reactivity.
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As shown in Figure 11, since N, does not participate in the
oxidation reaction, only dilution and third body effects are
accounted for, and the outcome shows that the dilution effect
is mainly carried out through the R1 reaction, and the third
effect is mainly carried out through the R12 reaction. In
addition, CO, can participate in some of the chemical
reactions. The main reaction in which CO, participates is
the H-related reaction: R28 (CO + OH = CO, + H), and as
the CO, equivalence ratio ¢ increases, the sensitivity
coeflicient of R28 basically tends to increase, but overall, the
impact of R28 on the hydrogen combustion is comparatively
small, which means that the chemical kinetics of CO, as a
direct reactant and the third-body effects are small. In addition,
thermal effects and diffusion factors also have an influence on
laminar combustion. Due to the larger specific heat capacity of
the diluent, which leads to a decrease in temperature, the
velocity increases significantly with Vy ... Compared with N,,
CO, has a higher specific heat capacity and a stronger thermal
effect on the flame temperature. The dilution effect of CO, is
therefore stronger and the decrease in laminar flame velocity is
greater with increasing CO, concentration at the same dilution
level. Compared to the thermal and chemical effects, the
diffusivity change effect of the diluent is very small, and the
reduction in laminar flame speed is negligible.

H and OH radicals play a crucial role in the critical chain
reaction and are significantly correlated to the laminar flame
velocity. Simulation results of H and OH molar fractions in
premixed flames with different ¢ for 5 and 20% N, and CO,
are given in Figure 12. According to the H, explosion chain
reaction mechanism, large amounts of reactive radicals such as

H and OH are generated throughout the explosion process,
forming activation centers in the reaction chain, which in turn
promote the explosion. During the gas explosion, the
concentration of radicals that sustain the chain reaction is
low, and the retention time is short. At the moment of
explosion, the concentration of free radicals rises sharply to a
peak due to energy build-up, and after the radicals collide, their
concentration decreases rapidly and is then maintained at a
stable value. Although OH is not as high as the H
concentration, OH is still important because the molar fraction
of OH is of a similar order of magnitude to that of H. From
Figure 12, it is known that the peak of the molar fraction of H
increases and then decreases as the ¢ increases, the peak of the
molar fraction of OH gradually decreases, and the time to the
maximum of H and OH increases. Comparing the molar
fractions of H and OH radicals for the Vi, of 20% N, and
CO, it can be detected that the thermal and chemical kinetic
functions of CO, cause a later generation of H and OH
radicals, and that the partial chain reaction involving CO,
causes a lower peak of H radicals than the peak of H radicals
generated under N, atmosphere. Furthermore, in combination
with the sensitivity coefficient results for the key element
reactions, it can be observed that although the positive
sensitivity coeflicient for the chain reaction R1 decreases when
@ > 1.8, R1 is still the main enhanced reaction with the largest
positive sensitivity coeflicient. The increase in the molar
fraction of H promotes the chain reaction H + O, = O + OH
at a much faster reaction rate than the OH consumption rate.
Thus, the increase in H not only promotes flame propagation
but also leads to an increase in the OH molar fraction, which
mainly promotes the oxidation of hydrogen. It is worth noting
that the maximum production of H radicals does not show the
same pattern of variation as the peak explosion pressure with
increasing . This is because the explosion pressure value is a
macroscopic feature generated by all elementary reactions in
the system together, and the pattern of variation of the total
production of a single radical does not represent the trend of
the peak pressure, which is also illustrated in the literature.”’

4. CONCLUSIONS

In the present work, the influence of different addition ratios
Vinert (5—20%) of N, and CO, gas on the characteristics of
explosion flame and explosion pressure under high equivalence
ratios ¢ (1.0—3.0) is systematically and experimentally studied,
and the microscopic analysis is carried out by Chemkin. The
experimental results showed that at high equivalence ratios,
inert gas has little effect on flame stability. The addition of
inert gas reduces the tensile rate in the early stage of flame
growth. At high yield ratios, CO, inhibits explosive flame
propagation twice as effectively as N,. Due to the large heat
capacity and chemical kinetic effects, CO, has a stronger

Table 2. Key Basic Reactions and Corresponding Step Counts

number elementary reaction

R1 H+O,=0+OH
O+H,=H+ OH

R3 OH + H, =H + H,0
H+H+M=H,+M

R7 H+H + H,0=H, + H,0

R9 H+OH+M=H0+M

R10 O+H+M=0OH+M

48313

number elementary reaction
R12 H+0O,+M=HO,+M
R13 H, + 0, =HO, +H
R16 HO, + H= OH + OH
R17 HO, + O = OH + O,
R18 HO, + OH = O, + H,0
R22 H,0, + H = HO, + H,
R28 CO+OH=CO,+H
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Figure 12. Simulation results of H and OH molar fractions for four different conditions.
inhibitory effect on the explosion pressure than N,, and the generated under the N, atmosphere. However, CO, is a direct
inhibition efficiency on the explosion strength is nearly twice reactant and the third body to produce a small chemical kinetic
that high. To further analyze the effect of different inert gas effect.
addition ratios on chemical kinetics, sensitivity analysis and
molar fraction simulations were performed. The thermal and B AUTHOR INFORMATION
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