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Abstract: The combustion efficiency of methane can be effectively enhanced with the occurrence of
hydrogen. However, the combustion characteristic of premixed methane/hydrogen/air is not fully
understood. In this study, the effect of the amount of hydrogen addition on the explosion risk of
premixed CHy/air combustion was fully investigated through experiments and simulations. The
explosion overpressure of premixed CHy/air combustion with various hydrogen additions was
measured in a standard 20 L spherical closed vessel. Meanwhile, the microscopic flame structures for
the same cases were simulated using 2022 Chemkin-Pro software. The results showed that hydrogen
could increase the explosion risks of premixed CHy/air combustion. The rate of key elementary
reactions R38: H + O, <=> O + OH and R84: OH + H, <=>H + H;,0 in the system could be accelerated
by hydrogen. The peak explosion overpressure in the closed chamber is boosted and the arrival time
of peak overpressure rise rate is shortened, which raises the danger. Especially under lean and rich
combustion conditions, hydrogen could potentially lead to more dangerous situations. With the
increase in hydrogen concentration, the reaction rate of key elementary reactions accelerates faster,
the peak explosion overpressure increases more, and the peak overpressure rise rate arrives earlier.

Keywords: hythane; explosive hazards; overpressure; laminar burning velocity

1. Introduction

For a considerable period of time, fossil fuels have served as the primary energy source
for human production and daily life [1]. Among them, natural gas, as a cleaner alternative
to traditional fossil fuels such as coal and oil, has been increasingly popular in the global
energy market and widely used in industrial production and residential applications [2,3].
The main component of natural gas is methane, which is one of the primary gas fuels for
industrial and domestic purposes. It is an excellent alternative energy source and generates
the lowest amount of carbon dioxide among the three common fossil fuels [4,5]. However,
with the continuous advancement of human society and the growing global demand for
energy, the development and utilization of sources have led to the rapid depletion of
limited fossil fuel reserves worldwide and increasing environmental pollution problems.
Consequently, it is urgent to explore and utilize new alternative fuels (especially renewable
fuels) to provide cleaner, more efficient, and higher thermal efficiency combustion [6-11].

Compared with traditional fossil energy, hydrogen, as a new type of high-energy
source, possesses numerous advantages, including non-pollution, low ignition energy,
wide flammability limits, high efficiency, renewability, and environmental protection. It
has attracted increasing attention in the global energy market and plays a crucial role in
addressing the fossil fuel crisis and mitigating climate change [8,12]. With the development
of science and technology, hydrogen energy has been widely used in various fields, such
as transportation, industry, energy storage equipment, and aerospace. Hydrogen fuel
cell vehicles are zero-emission vehicles, which have become an important development
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direction in the global transportation field. Hydrogen energy can be used in industrial
processes such as the preparation of chemicals, synthetic ammonia, and oil refining, as
well as in industries such as metal processing and glass manufacturing. Home energy
storage devices can use hydrogen energy to store renewable energy such as solar or wind
power. For example, magnesium hydride (MgHy) satisfies most of the requisites for a viable
hydrogen storage material for mobile as well as stationary applications because of its high
storage capacity [13]. Hydrogen energy is also used in aerospace, such as satellites and
rockets [14]. At present, the global hydrogen energy industry has entered a stage of rapid
development. Governments and enterprises in various countries have increased investment
and research to promote the development and application of hydrogen energy technology.
Researchers have discovered that blending hydrogen gas into natural gas as a fuel can
effectively address issues such as high ignition energy, local flame extinguishment, low
power output, slow flame speed, and incomplete combustion [9], and significantly improve
flame kinetics and combustion efficiency. However, hydrogen utilization is a double-edged
sword. Due to its extremely low ignition energy, wide explosive limits, and higher laminar
burning velocity, the explosion risk of hydrogen gas is much higher than other hydrocarbon
fuels [10,15,16], there are many safety problems in the application of hydrogen energy, such
as hydrogen embrittlement [13] and detonation. The intense pressure, high temperature,
and strong shockwaves generated during methane and hydrogen gas explosions can cause
severe casualties and property damage [17], while their fuel mixtures will inevitably have
different ignition and combustion characteristics, posing significant safety hazards in the
production, use, storage, and transportation processes of hydrogen-blended fuels [18-21].
The fuel mixture of hydrogen and methane is known as hythane, which is expected to
become an alternative clean energy source. To ensure the safe and efficient utilization
of hydrogen-rich natural gas (HNG) as a new energy source, it is essential to explore
the fundamental phenomena and combustion characteristics during the combustion and
explosion processes of methane-hydrogen mixtures [20]. Currently, numerous scholars at
home and abroad have conducted extensive research on the combustion characteristics of
methane, hydrogen, and methane-hydrogen mixtures.

The explosion pressure is one of the important parameters of concern in the assess-
ment of combustible gas explosion risks. Previous researchers have conducted a series of
studies on the explosion pressure of methane, hydrogen, and their mixtures in different
containers, and the collective findings consistently demonstrate that adding hydrogen to
methane increases the explosion pressure of the gas mixture. Qiangqgiang Hao [20] and
S.D. Emami [21] conducted experiments in different containers, and they both found that,
especially in the lean condition, the addition of hydrogen significantly enhanced the explo-
sion intensity of the premixed gas, which was manifested by an increase in the explosion
pressure and pressure rise rate, and a decrease in combustion time. Yanchao Li [22] discov-
ered that under lean and stoichiometric conditions, flame instability could be attributed to
the combined effects of diffusion heat and fluid dynamic instability, which were enhanced
with an increase in hydrogen addition. While under rich condition, flame instability was
attributed to the competing effects of the above two factors. Qiuju Ma [23] observed that
the experimental values of the peak overpressure were lower than the adiabatic ones due to
heat loss. And the explosion pressure and temperature under adiabatic conditions showed
a slight decrease with the addition of hydrogen. The positive effect of hydrogen addition
on (dp/dt)max at higher hydrogen concentrations was much more pronounced than the
one at lower hydrogen concentrations.

The laminar burning velocity is one of the key parameters determining the combustion
characteristics of a mixture, which is closely related to many complex phenomena during
flame propagation, such as flame stability and flame height. Recently, some experimen-
tal and numerical studies reported the measurement of laminar burning velocity for the
methane-hydrogen-—air flames [24-27] and found that an increase in hydrogen content
led to a significant reduction in the critical radius and Markstein length, indicating that
the addition of hydrogen enhanced both diffusion thermal instability and fluid dynamic
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instability, so as to increase the laminar burning velocity of methane-hydrogen-air flames.
The laminar burning velocity of the blends was always lower than those obtained by aver-
aging the laminar burning velocities of the pure fuels according to their molar proportions.
Akihiro Ueda [28] used the spherical expanding flame method to measure the laminar
burning velocity of mixtures containing hydrogen, methane, carbon dioxide, and air. The
results revealed that as the mole fraction of CO, increased, the laminar burning velocity
decreased, while it increased with the addition of hydrogen. These trends can be attributed
to variations in the thermal diffusivity of the mixture, which increases with hydrogen
addition and decreases with carbon dioxide dilution.

Currently, the chemical kinetic mechanisms of methane and hydrogen have been
reasonably well understood. However, when methane and hydrogen are mixed, they can
exhibit distinct behaviors. Chemical reaction kinetics simulations and detailed reaction
mechanisms were employed to analyze the impact of hydrogen addition on the chemical
kinetics of methane-air flames. Fei Ren [29] and Erjiang Hu [30] utilized the Chemkin
II/Premix program, incorporating detailed chemical reaction mechanisms from GRI Mech
3.0 to analyze the sensitivity and flame structure of methane-hydrogen-air flames under
different initial temperatures, pressures, and hydrogen contents. They found that the
laminar burning velocity depends on the competition between the main chain branching
reaction and the chain recombination reaction. The overall suppression (or enhancement)
of the chemical reaction with the increase in initial pressure (or temperature) is closely
related to the decrease (or increase) of H, O, and OH mole fractions in the flames. Jinhua
Wang [31] found that when the hydrogen content exceeded 20%, the role of H; in the flame
transitioned from an intermediate species to a reactant.

Based on the above studies, it can be concluded that research on the characteristics of
the combustion of premixed CHy/H,/air can effectively guide the utilization of hydrogen-
rich fuels. However, previous studies mostly focused on fuel mixtures with a low-volume
fraction of hydrogen addition (up to 40%) and narrow equivalence ratios, resulting in a
relative scarcity of fundamental combustion and explosion data and mechanism studies for
CH4/H;/air. An in-depth understanding of explosion phenomena and data is necessary
for evaluating the hazards of the blend fuel CH4/Hj; energy systems and guiding the design
and application of fuel formulations. Therefore, this study aims to investigate the effect and
mechanism of hydrogen addition (ranging from 0% to 80% by volume) on the combustion
and explosion characteristics of CHy/H; /air mixtures (equivalence ratios ranging from
0.6 to 1.6), so as to provide data and theoretical support for the safe application of HNG.

2. Experimental and Numerical Methods

The combustion experiments were carried out in a standard 20 L spherical vessel con-
sisting of the following parts: gas distribution system, ignition device, data acquisition system,
and synchronous control system. Figure 1 shows a schematic of the experimental setup.
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Synchronous controller

Chermical igniter
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Automatic gas distribution system

20L explosion vessel =N

Vacuum pump Personal computer

Figure 1. Schematic of the experimental setup.
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The gas distribution system includes vacuum pump, automatic gas mixer, and exper-
imental gas cylinders. Firstly, the spherical chamber was evacuated to a vacuum (about
100 Pa) with the vacuum pump, and then the set ratio of premixed CH4/H;/air was intro-
duced into the spherical chamber through the gas mixer. After 30 s of static settling, the
mixture was ignited. In this experiment, the explosion of the gas mixture was triggered by
the ignition electrode detonating the chemical ignitor. The composition ratio (mass ratio)
of the chemical ignitor is based on GB/T 16,425 and ASTM E1226, which is zirconium
powder: barium peroxide: barium nitrate = 4:3:3. The overpressure near the wall of the
spherical chamber was collected by a Kistler (Winterthur, Switzerland) 601CA pressure
sensor (sensitivity —37 PC/bar, pressure range 0-250 bar), and the overpressure data was
recorded and stored by a data acquisition instrument (HIOKI, Nagano, Japan). The ignition
and overpressure acquisition were synchronized by a self-designed and manufactured
synchronous controller. The purity of methane and hydrogen used in this experiment was
both 99.999%, and the air was a synthetic air with a volume fraction of 21% pure oxygen
and 79% pure nitrogen, all provided by Wuhan Zhongyixing Chemical Technology Co.
(Wuhan, China).

All tests were conducted with initial temperature of 298 K and initial pressure of
0.1 MPa. The equivalence ratio was set to 0.6/0.7/0.8/0.9/1/1.1/1.2/1.3/1.4/1.5/1.6,
respectively. Under each equivalence ratio, the volume fraction of hydrogen in the fuel xzp
was set to 0%/20%/40%/60% /80% respectively. Three repeated tests were conducted for
the same case and in total 165 tests were carried out in our study.

The equivalence ratio (®) of the mixture is defined as

_ F/A
?= (F/A)st (1)

where (F/ A) refers to the fuel-air ratio, and (F / A),, is the stoichiometric value of (F/ A),
which is the molar ratio between the reactants and products calculated from the chemical
reaction metrology equation. @ < 1 is for lean fuel, ¢ =1 is for stoichiometric fuel, and
@ > 1 is for rich fuel.

The hydrogen addition (volume fraction of hydrogen) in the mixture is defined as

Vi,

— L B 2
VH2 + VCH4 @

tz

where the x, is volume fraction of hydrogen, Vj, is hydrogen volume, V-, is methane volume.

Chemkin-Pro software is a powerful package for solving complex chemical reaction
problems, commonly used for simulating combustion processes, catalytic processes, chem-
ical vapor deposition, plasma, and other chemical reactions. It is capable of simulating
complex chemical reactions using various chemical reaction mechanism models and can
perform rapid and accurate kinetic analysis of reactions [32]. This software has been used
and verified by many researchers [29-31]. In this work, Ansys 2022 Chemkin-Pro was used
to simulate the combustion process and calculate the laminar flame speed of premixed
CHy/Hj/air. The most recent version of Chemkin-Pro commercial-quality software is a
product of evaluation from combustion kinetics code Chemkin II developed at Scandia
National Laboratories, currently held by Reaction Design (US Company, San Diego, CA,
USA) [33].

The chemical reaction mechanism used in this study was GRI-Mech 3.0 [34], which can
simulate the combustion process of low hydrocarbon fuels, including related rate coefficient
expressions and thermochemical parameters of 325 elementary reactions and 53 species.
The GRI-Mech 3.0 mechanism was validated by extensive experimental data for methane,
ethane, carbon monoxide, and hydrogen [35-37].
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3. Results and Discussion
3.1. Experimental Results

Figure 2 shows the curves of typical overpressure and the pressure rise rate over time
during the combustion of CH4/H, /air in the spherical chamber. The equivalence ratio of
the premixed CH4/Hj /air is 1.0 and the volume fraction of hydrogen in the fuel xp; is 20%.
Shortly after the premixed gas is ignited at the center of the closed space, a fireball is formed
and the unburned gas moves outward due to the thermal expansion of the combustion
products, which leads to the formation of a flame front and a combustion pressure wave
propagating in all directions. Since the propagation velocity of the combustion pressure
wave is faster than that of the flame front, the combustion pressure wave reaches the
chamber wall first and strikes the pressure sensor to generate a pressure signal. During
the laminar combustion process in the initial stage of the reaction, the combustion speed
is slow, and the overpressure of the combustion wave is small [38]. As shown in Figure 2,
the overpressure and the overpressure rise rate increase slowly during the initial reaction
period of 0 to t; ms. With the influence of fluid dynamic instability (Darrieus-Landau),
thermal diffusion instability (Rayleigh-Taylor instability) [12,39], etc., the combustion speed
gradually increases, and turbulent combustion occurs. The overpressure strength increases
rapidly until it reaches the peak overpressure, Pmay, at time, t3. After that, the chamber
pressure gradually decreases due to the consumption of fuel and wall heat loss. The peak
overpressure (Pmay) is related to the flame propagation speed and the chemical reaction
heat effect, which is an important indicator to measure the explosion hazard of premixed
flammable gas combustion. In addition, the overpressure rise rate (dp/dt) of the flammable
gas, which is calculated from the measured pressure time history on the wall, is another
important indicator. That is, within the same amount of time, a higher overpressure rise
rate represents a greater destructive power of the explosion. So, the time when the peak
of the overpressure rise rate (dp/dtmax) arrives represents the most dangerous moment
(t = tp, as shown in Figure 2). In this study, f4sg, is defined as the duration time from
ignition to the most dangerous moment for each case, which is the exact moment the peak
of overpressure rise rate occurs.
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Figure 2. Typical time history of overpressure and overpressure rising rate during combustion of
premixed CHy/H;/air inside vessel (@ =1, xpp = 20%).

In order to investigate the effect of hydrogen on the peak overpressure caused by
the combustion of premixed CHy/air, Figure 3 depicts the relationship between the peak
overpressure and the equivalence ratio with different hydrogen additions. It can be seen in
Figure 3 that the relationships between the peak overpressure induced by different volumes
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of hydrogen addition, and the equivalence ratio shows a similar trend. That is, the peak
overpressure increases first, then decreases with the increase in equivalence ratio, and the
peak overpressure reaches the maximum value near the stoichiometric ratio. In addition,
the amount of hydrogen addition also has a significant effect on the peak overpressure.
As shown in Figure 3, the black curve without hydrogen addition is below all the other
curves, indicating that hydrogen can significantly increase the peak overpressure in the
closed vessel. However, the increase amplitude of peak overpressure is different under
different hydrogen additions.
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Figure 3. Effect of hydrogen on the peak overpressure at different equivalence ratios.

To further investigate the effect of the amount of hydrogen on the peak overpressure
of premixed CH,/air combustion, Figure 4 plots the relationships between the hydrogen
addition amount and the dimensionless peak overpressure at different equivalence ratios.
The dimensionless peak overpressure is defined as the peak overpressure increasing ampli-
tude induced by a specific hydrogen addition compared with that of no hydrogen addition,

as follows:
P

max(xpp) Pmﬂx(withaut H2

e = L % 100% ©)

Pm”x(withaut H2)

where ¢ is the dimensionless peak overpressure, Pmﬂx(;cm) is the peak overpressure caused
by the combustion of premixed CHy/H;/air with different hydrogen volume fractions
XH2, and Pmax(wmmm ) is the peak overpressure caused by the combustion of premixed
CHy/air under different equivalence ratios. An interesting phenomenon can be observed
from Figure 4: when the equivalence ratio is near the stoichiometry (¢ = 0.8-1.2), hydrogen
does not cause a significant change in the ¢, as shown in Figure 4a. For example, when the
equivalence ratio is @ = 1.1 (as shown by the green line in Figure 4a), the peak overpressure
generated by the combustion of premixed CHy/air is 0.59 MPa, and when the volume
fraction of hydrogen addition xp; = 20%, the peak overpressure is 0.66 MPa, resulting
in an € of 11.9%. When the amount of hydrogen addition increases to xpg, = 80%, the
peak overpressure increases to 0.69 MPa, and ¢ just increases to 16.9%. The same phe-
nomenon is observed only when the hydrogen addition xpp < 40% in lean (¢ = 0.6-0.7)
and rich (@ = 1.3-1.6) conditions. However, when the volume fraction of hydrogen addi-
tion xpp > 40%, € increases rapidly with the increase in the hydrogen addition. As shown
in Figure 4b, when the volume fraction of hydrogen xpo = 20%, the ¢ is 38% and 8%,
with the equivalence ratios @ as 0.6 and 1.6, respectively. When adding more hydrogen to
premixed CHy/air with xpjp = 40%, the ¢ is still 38% and 8%, respectively. However, when
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the volume fraction of hydrogen addition increases to xp» = 60%, the e rapidly rises to 69%
and 27%, respectively.

& (%)

D=1.0

20

Xy, (%)
(a)

Figure 4. Effect of hydrogen amount on the dimensionless of peak overpressure rise rate at different

equivalence ratios. (a) Moderate ratios; (b) Lean and rich conditions.

Figure 5 shows the variations of the most dangerous time {4, along with the different
equivalent ratios. In general, the red line (xyp = 0%,) is above the other lines in Figure 5,
indicating that the addition of hydrogen can shorten the time to reach the peak overpressure
rise rate, that is, the dangerous moment is advanced. In addition, at the same equivalent
ratio when @ = 0.8-1.2, the amount of hydrogen addition shows no significant influence
on the arrival of danger time, g, In contrast, the amount of hydrogen addition plays
an important role in the arrival of danger time, #;,,4¢r, under lean (¢ = 0.6-0.7) and rich
(¢ =1.3-1.6) conditions, as shown in the dashed box in Figure 5. That is, the appearance of
hydrogen in the combustion of premixed CH,/air could increase the combustion explosion
overpressure and shorten the arrival time of danger, which enhances the combustion
explosion hazard. Moreover, under lean (¢ = 0.6-0.7) and rich (¢ = 1.3-1.6) conditions, the
amount of hydrogen addition also affects the combustion overpressure and #;y,¢¢r-

250
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Figure 5. The variations of the most dangerous time, #4;,,¢,,, along with the different equivalent ratios.
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3.2. Effect of Hydrogen on the Peak Overpressure and Arrival Time of the Dangerous Moment of
Premixed CHy/Air Combustion

Figure 6 shows the relationships between the laminar burning velocity and equiva-
lence ratio for premixed CHy/H;/air at different hydrogen addition ratios. The solid line
represents the simulation results obtained through Chemkin-Pro, and experimental laminar
burning velocities by Xiaobo Shen [40], Sven Eckart [41], K.J. Bosschaart [42], R.T.E. Her-
manns [43], Hu [44], Xiao Cai [45], Elna ].K. Nilsson [46] are also shown in Figure 6. It can
be seen from Figure 6 that the deviation between experimental data and the simulation is
small, indicating that GRI-Mech 3.0 can be used for the simulation calculation of premixed
CH,/Hj/air laminar combustion. In addition, it can be seen in Figure 6 that regardless
of the amount of hydrogen addition, the laminar burning velocity shows a similar trend:
it increases first and then decreases with increasing equivalence ratio, reaching a peak
near stoichiometry. Moreover, the black curve without hydrogen addition is below all
other curves, indicating that the addition of hydrogen significantly improves the laminar
burning velocity of the combustion of premixed CHy/air. For a certain equivalence ratio,
the amount of methane would reduce if the amount of hydrogen increases. Since the com-
bustion heat of hydrogen is greater than that of methane, the peak overpressure produced
by combustion with more hydrogen is larger, and the time to reach the dangerous moment
is shorter, which is consistent with the experimental phenomenon observed in Section 3.1.
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Figure 6. Laminar burning velocity versus equivalence ratios for premixed CHy /H, /air with different
volume fractions of hydrogen.

The combustion velocities of carbon-hydrogen compounds are mainly affected by
chain branching and chain growth reactions involving key radicals such as H, O, and
OH. The main elementary reactions associated with H, O, and OH radicals during the
combustion process of premixed CHy/Hj/air are R38: H + O, <=> O + OH and R84:
OH + Hy <=> H + H,O. To further investigate the effect of hydrogen addition on premixed
CHy,/air combustion, Figure 7 plots the effect of the amount of hydrogen addition on the
reaction rates of elementary reactions R38 and R84 at different equivalence ratios. The
rate of production (ROP) represents reaction intensity at different times. It can be seen in
Figure 7 that at all equivalence ratio conditions, the appearance of hydrogen significantly
advances both the elementary reactions R38 and R84 and accelerates the two reactions with
a higher peak rate of production. For example, when hydrogen is not added (black line), the
peak rate of production for R84 occurs at 5.44 mm, 5.17 mm, and 5.74 mm when equivalent
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ratios @ = 0.6, =1, @ = 1.6 as shown in Figure 7a—c, respectively. And the corresponding
peak reaction rates of productions are 3.42 x 10~# mol/cm3:s, 58.5 x 10~* mol/cm?-s, and
5.82 x 107* mol/cm3-s. When volume fraction of the hydrogen addition is x> = 80%
(orange line), the R84 occurs at 5.15 mm, 5.06 mm, and 5.15 mm, and the corresponding
peak reaction rate of productions are 48.9 x 10~* mol/cm?:s, 396 x 10~% mol/cm?s, and
219 x 10~* mol/cm? s, respectively.
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Figure 7. Cont.
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Figure 7. Effect of hydrogen addition content on the reaction rates of major radicals at different
equivalence ratios. (a) ¢ = 0.6, (b) ¢ =1.0, (c) ¢ = 1.6.

A high peak rate of production (ROPmax) corresponds to a vigorous reaction. Figure 8
plots the variation of the peak reaction rates of production (ROPnax) for key elementary
reactions R38 and R84 along with different hydrogen volume fractions, xpp. It can be
seen from Figure 8 that under all equivalence ratios, the ROP;;,, of the two reactions
increases as the amount of hydrogen addition increases. It can be inferred that the reaction
becomes more intense with increasing hydrogen addition. That is, hydrogen accelerates
elementary reactions R38 and R84 so as to increase the laminar burning velocity of premixed
CH4/Hj/air combustion, thereby increasing the peak overpressure and the pressure rise
rate, as observed in Section 3.1.
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Figure 8. Variations in the peak reaction rates of production (ROPmax) for key elementary reactions
R38 and R84 along with different hydrogen volume fractions.

3.3. Effect of Hydrogen on Explosion Hazards under Lean and Rich Combustion Conditions

Next, we further discuss the reason that an increasing amount of hydrogen addition
leads to increasing explosion risk of premixed CHy4/air combustion under lean and rich
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conditions. The peak rate of production (ROPnax) is selected to represent the degree of
possible explosion risk. In order to explore the effect of amount of hydrogen addition on
ROP;,.1x, the dimensionless ROP;,,;x is calculated as follows:

ROP

y max(xpn) Ropmax(

without H2)
100% 4
ROPyas, St @)

without H2)

where 7 is the dimensionless peak ROP, ROPyax(x,,,) is the peak ROP caused by the
combustion of premixed CH,4/H, /air with different hydrogen volume fractions, xp, and
ROPyax(withoutt,) 18 the peak ROP caused by combustion of premixed CH,/air under
different equivalence ratios. Figure 9 shows the relationships between the dimensionless
ROPyx for the key elementary reaction R84 and the amount of hydrogen addition at
different equivalence ratios. It is shown in Figure 9 that the dimensionless ROP,4y is 0.97%
when hydrogen volume fraction Xy, = 20% under the equivalent ratio of ¢ = 1. When
adding more hydrogen, Xy, = 80%, to the premixed CH4/H,/air combustion system
under the same case, ¢ = 1, the dimensionless ROP;;;sx just slightly raises to 5.77%. So,
it can be inferred that the amount of hydrogen addition has no significant impacts on
the dimensionless ROP,,,;, near the stoichiometric ratio (¢ = 1.0). However, under lean
(@ = 0.6) and rich (¢ = 1.6) conditions, the dimensionless ROPy,;, for key elementary
reactions R84 increases significantly with increasing amount of hydrogen addition, as
shown in Figure 9, especially when the volume fraction of hydrogen Xy, > 40%. For
example, in the case of the lean condition (¢ = 0.6), the dimensionless ROP;;;, increases
rapidly from 0.66%, 1.98%, to 13.30% when the volume fractions of hydrogen addition
are Xp,= 20%/40%/80%, respectively. That is, compared with the condition of the near
stoichiometric ratio, hydrogen presents a greater influence in accelerating the elementary
reactions under rich and lean conditions. This leads to the observation of Section 3.1 that
the peak overpressure is stronger and the arrival time of the peak overpressure rise rate is
shorter. As a result, it exhibits a greater hazard under such circumstances.

40

36 L 36.63%p P=1.6

32+
28 |

24

wl R84: OH+H,<=>H+H,0

13.30% 1=0.6

Growth rate of ROP, . (%)

1.98% 0 Lo
4L : -58% 517%

1.59%
0 v
0 033% 0.97%

74 1 1 1 1
20 40 60 80

Xy, (%)

Figure 9. Relationships between the dimensionless ROP;;sx for the key elementary reactions R84 and
the amount of hydrogen addition at different equivalence ratios.

4. Conclusions

In this study, the effect of hydrogen addition on the explosion risk of premixed CH, /air
was investigated from both macroscopic and microscopic perspectives, respectively. The
standard 20 L spherical closed vessel experiment was used to measure the explosion over-
pressure of premixed CHy/H,/air combustion, while the 2022 Chemkin-Pro software was
used to calculate the microstructure of the premixed laminar flame. The study found
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that hydrogen accelerates elementary reactions R38 and R84 so as to increase the laminar
burning velocity of premixed CH4/H;/air combustion, thereby increasing the peak over-
pressure and the overpressure rise rate, shortening the arrival time of peak overpressure
rise rate, which raises the explosion risk. As the amount of hydrogen addition increases, the
rate of production of elementary reactions increases, leading to a higher peak overpressure
and a shorter arrival time of the peak overpressure rise rate. In addition, compared with
the stoichiometric conditions, hydrogen presents a greater influence under lean and rich
conditions, which is attributed to the fact that adding hydrogen substantially increases the
rate of production of certain reactions.
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