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In this paper, FLUENT software coupled with the chemical reaction mechanism

is used to study the ignition characteristics of methane-air mixtures at low

temperature. Variations of the main free radical concentrations, the critical

conditions for a successful ignition and the chemical reaction rate of each

elementary reaction for a failure ignition are obtained, respectively. Results

indicate that the consumption of methane immediately affects the

concentration distribution of carbon monoxide, which presents the opposite

relationship with that of methane. Mass fractions of the intermediate products

and H, O free radicals are low in the burnt zone and unburnt zone, whereas

reach the maximum on the flame front. OH is not only the intermediate free

radical, but also the combustion product remained by the intermediate

reactions. At a low temperature of 150 K, the critical radius and temperature

of methane ignition are 4.6 mm and 1180 K, respectively. When ignition radius is

smaller than the critical value, the failed ignition of methane is caused by the

termination of the elementary reactions: R8: H +O2=OH+O, R9: OH+O=O2

+ H, R12: O + H2O = 2OH and R13: 2OH = O + H2O. However, when ignition

temperature is lower than the critical value, because of the failed initiation of

elementary reaction R1: CH4 = CH3 + H, the combustion of methane is not

occurred.
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1 Introduction

With an attention to environmental protection and increased energy demand all over

the world, and the increasingly shortage of traditional energy such as oil, the development

and utilization of liquid natural gas (LNG) and oxygen-bearing coal-bed methane have

shown significant economic and social benefits (Gao et al., 2010; Hammond and Grady,

2017; Mikolajkov et al., 2017; Song et al., 2017). However, in the LNG storage and low

temperature liquefaction of oxygen-bearing coal-bed methane, the methane

concentration in the gas phase is within the explosion limit, which has an explosion

risk and results in significant economic losses and casualties (Cui et al., 2015). At present,

some experts at home and abroad have conducted some research on the combustion
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characteristics of combustible gases at low temperatures. Karim et al.

(1984) built a cylindrical stainless steel tube, and experimentally

measured the lower flammability limit of methane at initial

temperature of 143–298 K. Wierzba et al. (1990) used the same

experimental device to measure the upper flammability limit of

combustible gases at normal pressure and low temperature. The

temperature condition was from room temperature to 213 K. Then,

Wierzba et al. (1992) measured the flammability limits of hydrogen

and some fuel mixtures at low temperature. Among, the initial

temperature range for the upper flammability limits was from room

temperature to 213 K, while for the lower flammability limits was

from room temperature to 173 K. Li et al. (2011) from the Chinese

Academy of Science have experimentally measured the flammability

limits of differentmethane/nitrogenmixtures at a temperature range

from 150 to 300 K. In recent years, our research team built an

explosion test setup which was able to withstand a temperature as

low as 113 K, and conducted a methane explosion experiment at

different low initial temperatures of 123–273 K, different initial

pressure of 0.1–0.9 MPa and different equivalence ratios. The

flammability limit and the MIE of methane at low initial

temperatures were obtained (Cui et al., 2016a; Cui et al., 2016b).

To sum up, the above research results are focused on

macroscopic explosion characteristics, such as flammability limits,

minimum ignition energy, explosion pressure, and temperature.

However, the characteristics of the ignition source itself is rarely

studied. For the combustion process of methane in a confined vessel,

it can be regarded as an unsteady hydrodynamic phenomenon with

detailed chemical reactions. The ignition initiation stage is the

beginning of the combustion, accompanied by the rapid growth

of the flame kernel and the occurrence of a large number of chemical

chain reactions. The current study does not give the critical value for

a successful ignition. Moreover, variations in concentrations of

reactants, products, and free radicals generated by chemical

reactions are also not involved. Therefore, focusing on the

ignition initiation characteristics of combustible gases has

important implications for clarifying the nature of ignition.

For the combustion process of combustible gases, the most

intuitive and effective way of research is experimental

measurement. However, during the experiment, all the

parameters that can be measured immediately are the

macroscopic phenomena of combustion: combustion

temperature and pressure, flame propagation speed, variations

of flame shape and so on. However, some microscopic features

such as variations of the detailed chemical reactions, critical

values for ignition and the flow field during the flame

propagation are hardly presented by experiment. Moreover,

due to the special nature of low-temperature conditions, it is

difficult to set a transparent observation window on the

combustion vessel (caused by the cooling method and icing at

low temperatures). Therefore, it is difficult to study the

combustion of methane under low temperature conditions

using experimental method. Numerical simulation is an

important tool for studying the effect of some factors on the

combustion characteristics which are hardly test or controlled by

experimental method. Some researchers have studied the ignition

characteristics by numerical methods. Yuasa et al. (2002) studied

the influence of the energy retention on the minimum ignition

energy using a two-dimensional numerical analysis. Kravchik

and Sher (1994) studied ignition characteristic and flame

propagation in methane/air mixture by numerical methods.

Han et al. (2010) studied the spark ignition characteristics of

methane/air mixture using detailed chemical reaction

mechanisms. The ignition behavior of a hydrogen/air mixture

was also studied by them using the same numerical model while

heat loss was considered (Han et al., 2011). In Cui et al. (2018)

study, premixed methane-air flame propagation in a confined

vessel at low initial temperature was simulated using a multi-step

chemical reactionmechanism. As explained above, the numerical

simulation method can effectively study the combustion

characteristics of combustible gas.

FIGURE 1
Definition of the ignition initiation stage.

FIGURE 2
Computational domain.
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Therefore, in this paper, FLUENT software coupled with the

chemical reaction mechanism is used to study the initiation process of

methane combustion at low temperature. The variations of the main

free radical concentrations during the growth of flame kernel are

obtained. The critical ignition radius and critical ignition temperature

for a successful ignition at low temperature are also calculated. Through

the study on the chemical reaction rate of each elementary reaction for

a failed ignition, the elementary reactionswhich induce the termination

of the chemical reaction are obtained. The research results have

important safety significance for LNG storage and low-temperature

liquefaction production of oxygen-containing coalbed methane. In

addition, the research results can be used for the research and

development of LNG fire extinguishing agents, which can achieve

the purpose of extinguishing fire by interrupting the chemical reaction

chain of methane combustion at low temperature.

2 Numerical methods

2.1 Definition of the initiation stage of
methane combustion

According to the standard BS EN 1839:2003, an explosion is

considered to occur when the pressure rise in the confined vessel

is 5% of the initial pressure. Based on this criterion, the initiation

stage of methane combustion is defined as following: from the

TABLE 1 Chemical kinetics mechanism of methane.

Component:CH4, CH3, CH, CH2O, CO2, CO, H2, H, O2, O, OH, H2O

Primitive reaction A b E(kJ/mol)

R1: CH4 = CH3 + H 4.23E + 15 0 455.06

R2: CH4 + OH = CH3 + H2O 2.00E + 14 0 35.21

R3: CH4 + O = CH3 + OH 3.48E + 13 0 35.08

R4: CH4 + H = CH3 + H2 4.35E + 14 0 57.53

R5: CH3 + O2 = CH2O + OH 5.29E + 11 0 7.12

R6: CH2O + OH = CO + H2O + H 5.87E + 14 0 20.43

R7: CO + OH = CO2+H 1.45E + 14 0 994.78

R8: H + O2 = OH + O 2.24E + 14 0 70.34

Duplicate

R9: OH + O = O2 + H 1.71E + 13 0 3.64

Duplicate

R10: O + H2 = OH + H 1.74E + 13 0 39.56

Duplicate

R11: OH + H=O + H2 7.70E + 12 0 31.74

Duplicate

R12: O + H2O = 2OH 5.75E + 13 0 75.78

Duplicate

R13: 2OH = O + H2O 5.38E + 12 0 43.96

Duplicate

R14: OH + H2 = H2O + H 2.19E + 13 0 21.56

Duplicate

R15: H2O + H=H2+OH 8.41E + 13 0 84.15

Duplicate

R16: H + OH + M = H2O + M 2.00E + 19 −1.0 0

H2/0.73/H2O/3.65/CH4/2.00/

R17: O + O + M = O2+M 8.90E + 14 −0.5 0

H2/2.40/H2O/15.40/CH4/2.00/CO/1.75/CO2/3.60/

R18: H + H + M = H2+M 1.00E + 18 −1.0 0

H2/0.00/H2O/0.00/CH4/2.00/CO2/0.00/

R19: CH3 + O = CH + H2O 2.80E + 08 0 0

R20: CH + O2 = CO + OH 6.00E + 10 0 0

Note: The corresponding rate expression in the table is: k = ATbexp(−E/RT). Among them, k is the reaction rate,A is the pre-factor, b is the temperature index, and E is the activation energy.

M in the elementary reaction represents the third body, Duplicate indicates that this elementary reaction is repeated in the detailed chemical reaction mechanism, but the values of each

parameter are different.
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moment of ignition, to the end when the combustion pressure at

the center of the right end wall of the confined space increases by

5% of the initial pressure. As shown in Figure 1, the black solid

line shows the variation of explosion pressure with ignition time.

The red dashed line indicates that the explosion pressure is

1.05 times of the initial pressure. The intersection of the red

dashed line and the black solid line is the moment when

explosion occurs. The stage between the start of ignition and

the moment when explosion occurs is the initiation stage of

methane combustion. As seen from the figure, the ignition

initiation period is from 0 to 3.5 ms.

2.2 Mathematical model

The equations describing the methane combustion at low

temperatures are completely consistent with those previously

published in Ref. (Cui et al., 2018), which are not repeated here.

The ignition problem in the central axis of a cylindrical vessel can be

considered as a central symmetry problem centered on the axis.

Because of the large amount of 3D simulation calculations, the

model is simplified to a two-dimensional problem, which has been

proved to be effective to model the flame propagation (Dunn-

Rankin et al., 1988;Marra and Continillo, 1996; Kaltayev et al., 2000;

Xiao et al., 2014). The size of the computational domain is exactly

the same with the explosion vessel used in the literature (Cui et al.,

2016a; Cui et al., 2016b), as also shown in Figure 2. In the figure, X

represents the height direction of the cylindrical explosion vessel,

and Y represents the diameter direction of the cylindrical explosion

vessel. In the process of simulation, the size of the grid directly affects

the accuracy of the calculation results and the calculation time.

Therefore, before the calculation, the size of the grid should be

studied first to obtain the optimal one, as shown in Figure 3. The

study on grid optimization in this paper is consistent with that in the

previously published paper (Cui et al., 2018) which will not be

repeated here.

2.3 Chemical kinetics mechanism

In this paper, the eddy dissipation concept (EDC) model is

chosen for solving because fluid dynamics calculation is coupled

with chemical reaction mechanism. A simplified chemical

kinetics mechanism are imported in FLUENT software for

related calculations, as shown in Table 1 (Hu et al., 2000).

2.4 Initial and boundary conditions

For the combustion problem in a small confined space, we

believe that the combustion is completed in an extremely short

time. Therefore, the four walls of the model shown in Figure 2 are

FIGURE 3
Mesh generation.

FIGURE 4
Variation of mass fraction of CH4.

FIGURE 5
Variation of mass fraction of CO.
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all set as adiabatic boundaries. The initial pressure is 0.1 MPa and

the initial temperature is 150 K. When the equivalence ratio is 1,

the mass fraction of methane is 0.053, mass fraction of oxygen is

0.21, mass fraction of nitrogen is automatically calculated in

FLUENT and mass fractions of remaining components are all

zero. The initial speeds in X and Y directions are also zero.

2.5 Ignition treatment

In this paper, the ignition source is set to a high temperature

air mass instead of the actual spark. A circular zone is first created

in which the gas consists of CH4, O2, and N2. The ratio of each

component is the same as the initial condition. Then, the ignition

source is set as a relatively high initial temperature (e.g., 1,400 K).

The ignition source is the red circular with a radius r as shown in

Figure 2.

The ignition source has two variable parameters: radius r

and temperature T, which directly affect whether the

combustible gas is ignited successfully. Therefore, by

changing the ignition radius and temperature, the critical

conditions for ignition are obtained.

FIGURE 6
Variation of mass fraction of CH3.

FIGURE 7
Variation of mass fraction of CH2O.

FIGURE 8
Variation of mass fraction of CH.

FIGURE 9
Variation of mass fraction of H.

Frontiers in Energy Research frontiersin.org05

Yang et al. 10.3389/fenrg.2022.1003470

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1003470


2.6 Numerical methods

The finite volume method is used to discretize the corresponding

control equations. The standard k-ε model is used for the turbulence

equation, couplingwith the non-equilibriumwall functionmethod and

the volumetric reaction.The SIMPLECmethod is used for coupling the

pressure and velocity fields. Second-order upwind scheme is used for

the convective terms, while the time is advanced by the fully implicit

Euler method. The time steppingmethod is successive over-relaxation.

The relaxation factor of pressure, density,momentum and energy is set

to 0.3, and the relaxation factor of each component is set to 1. The time

step is set to 10−5 s.

3 Results and discussion

3.1 Variations in free radical concentration

For the free radical concentration at the ignition initiation

stage, the concentration distribution on the central axis of the

confined space is selected. Figure 4 shows the variation of mass

fraction of CH4 at different ignition times. The mass fraction of

CH4 inside the flame core is almost zero, while on the flame front,

the methane concentration gradually increases from the burned

zone to the unburned zone. It indicates that the combustion of

methane mainly occurs on the flame front. With the increase in

ignition time, the burned area and the flame front gradually

expands to the surroundings. When the time is 0.5 ms after

ignition, the mass fraction of CH4 is not zero in the flame core,

indicating that the consumption rate of CH4 is slow at the initial

stage. As seen in Table 1, the elementary reactions which

promote the consumption of CH4 are mainly R5: CH3 + O2 =

CH2O + OH, R6: CH2O + OH = CO + H2O + H, R8: H + O2 =

OH + O, and R9: OH + O = O2 + H. The above elementary

reactions are participated by free radicals. Due to the initial mass

fraction of free radicals is low, the above elementary reactions are

inactive and CH4 is consumed slowly at the beginning of ignition.

Moreover, the mass fraction of CH3 is large at the beginning of

ignition (as seen in Figure 6), which causes the reverse reaction

rate of the elementary reactions R2: CH4 + OH = CH3 + H2O and

R4: CH4 + H = CH3 + H2 to be larger than the positive reaction

rate. With the increase in ignition time (greater than 1.5 ms), the

mass fraction of free radicals increases greatly and the mass

fraction of CH3 decreases a lot, which increases the consumption

FIGURE 10
Variation of mass fraction of O.

FIGURE 11
Variation of mass fraction of OH.

FIGURE 12
Pressure rise for different ignition radius.
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rate of methane. In the subsequent combustion process, the mass

fraction of CH4 inside the flame core is always equal to zero.

Figure 5 shows the variation of mass fraction of CO at

different ignition time. The mass fraction of CO reaches the

maximum in the burned area. On the flame front, the mass

fraction of CO gradually decreases from the burned area to the

unburned area. At the beginning of ignition, the mass fraction of

CO is low because of the low concentration of free radicals and

the slow reaction rate. Subsequently, with the increase in ignition

time, the mass fraction of CO reaches the maximum in the flame

core. When Figure 4 is compared with Figure 5, it is found that

the distribution of mass fraction of methane shows an inverse

relationship with that of CO.

Figures 6–8 show the variations of mass fraction of important

intermediate products CH3, CH2O, and CH. As seen in the

figures, the mass fraction of the intermediate products in the

burned and unburned areas is low while reaches the maximum

on the flame front. It indicates that the chemical reaction takes

place on the flame front. At the beginning of ignition, the mass

fraction of the intermediate product on the flame front is high.

With the increase in ignition time, the mass fraction of the

intermediate product on the flame front decreases. The reactions

for the generation of CH3 in Table 1 includes R2: CH4 + OH =

CH3 +H2O, R3: CH4 +O =CH3 +OH, and R4: CH4 +H =CH3 +

H2. The main reaction for the consumption of CH3 is R5: CH3 +

O2 = CH2O + OH. At the initial time (0.5 ms), the elementary

reactions R2, R3, and R4 occurs severely, whereas elementary

reaction R5 occurs gently. Therefore, a large amount of CH3 is

generated and accumulated which results in a large mass fraction

of CH3 on the flame front. As the combustion continues, the

elementary reaction R5 gradually becomes active. Therefore, the

generated CH3 is rapidly consumed and its mass fraction on the

flame front greatly decreases. The main reaction for the

generation of CH2O is R5: CH3 + O2 = CH2O + OH, while

the main elementary reaction for the consumption of CH2O is

R6: CH2O + OH = CO + H2O + H. As shown in Figure 7, the

mass fraction of CH2O on the flame front gradually decreases

with ignition time. This is because the elementary reaction R6 is

much more reactive than R5. Figure 8 shows the variation of

mass fraction of CH. Overall, the mass fraction of CH is very

small, on the order of 10−7, indicating that the elementary

reactions R19: CH3 + O = CH + H2O and R20: CH + O2 =

CO + OH are very weak in the whole combustion process.

Figures 9–11 show the variations of mass fraction of the

important free radicals H, O, and OH. The distribution of the

mass fractions of free radicals H and O is similar to that of the

intermediate products. The mass fractions in the burned and

unburned areas are both low and reach the maximum on the

flame front. At the beginning of ignition, the concentrations of H

and O free radicals are low, which lead to slow chemical reaction

rates at the initial stage (resulting in slow consumption rates of

CH4 and CH3, which is consistent with the above discussion).

With the increase in ignition time, the concentrations of free

radicals maintain at a high level, indicating that the reaction rate

greatly increases. Figure 11 shows the variation of mass fraction

of OH. Specially, the mass fraction of OH in the burned zone is

not zero, but maintains a high value. As seen in Table 1, the

consumption reactions of OH are R2, R6, and R7. The

elementary reactions that OH serves as a chain carrier are R9,

R11, R13, and R14. Therefore, OH is not only the intermediate

free radical which participates in the reaction as the chain carrier,

but also the combustion product remained by the intermediate

reactions.

FIGURE 13
Pressure rise for different ignition temperature.

FIGURE 14
Variation of temperature with time when ignition radius is
4.5 mm.

Frontiers in Energy Research frontiersin.org07

Yang et al. 10.3389/fenrg.2022.1003470

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1003470


3.2 Critical conditions for methane
ignition at low temperatures

In this paper, the ignition source is a spherical high temperature

air mass, of which the temperature and radius are variables. If the

ignition temperature is too low or the ignition radius is too small, the

combustible gas cannot be successfully ignited. Therefore, there is a

minimum ignition temperature or an ignition radius that can ignite

methane successfully, i.e., the critical value for a successful ignition.

Figure 12 shows the pressure rise in the confined space for different

ignition radius r at an initial temperature of 150 K. The pressure is

the monitoring data at the center of the right side wall. According to

the standard BS EN 1839:2003, the explosion is considered to occur

if the pressure rise in a confined space reaches 5% of the initial

pressure. As seen in Figure 12, the explosion is considered to occur

when the pressure rise curve exceeds ΔP = 5.06 kPa (the initial

pressure is 101.3 kPa). When the ignition radius r < 4.6 mm, the

pressure rise maintains at a low level, and the maximum pressure

rise is less than 1 kPa. Therefore, when the ignition radius r <
4.6 mm, the combustible gas cannot be ignited. However, when the

ignition radius r ≥ 4.6 mm, the pressure rise greatly increases and

between t = 3 and 4 ms, the pressure rises exceeds 5.06 kPa,

indicating that the combustible gas is successfully ignited. In

summary, the critical value of the ignition radius at an initial

temperature of 150 K is 4.6 mm. As also seen in Figure 12, with

an increase in ignition radius, the pressure rise increases. This is

because with the increase in ignition radius, the amount of

combustible gas that is initially ignited increases. Thus, the heat

released increases which induces a larger pressure rise. Therefore, the

size of the ignition radius has a large effect on the methane ignition.

Figure 13 shows the pressure rise in the confined space for different

ignition temperatures. When the ignition temperature is less than

1180 K, the pressure rise after ignition maintains a low level, and the

maximum pressure rise is less than 5.06 kPa, indicating that the

combustible gas is not ignited. When the ignition temperature T ≥
1180 K, the pressure rise increases rapidly and exceeds 5.06 kPa at

about 3.5 ms, indicating that the combustible gas is successfully ignited.

Therefore, at an initial temperature of 150 K, the critical ignition

temperature is 1180 K. As also seen in Figure 13, the pressure rise

curves basically coincide for different ignition temperatures, indicating

that the ignition temperature has no effect on the methane ignition.

3.3 Terminated elementary reactions
when the ignition radius is less than the
critical value

Figure 14 shows the variation of flame temperature with

ignition time when the ignition radius is 4.5 mm and the initial

temperature is 150 K. First, the flame temperature gradually

FIGURE 15
Variation of kinetic rate of elementary reactions with time
when ignition radius is 4.5 mm.
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increases with time after ignition, and at the ignition time of

0.06 ms, the temperature reaches a maximum of 1640 K. With

the further increase in ignition time, the flame temperature

gradually decreases. When the ignition time reaches 0.20 ms,

the flame temperature decreases below 900 K. Therefore,

combustible gas cannot be successfully ignited at an ignition

FIGURE 15
(Continued).
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radius of 4.5 mm. However, the increase in temperature after

ignition indicates that some chemical reactions occur at the early

stage of ignition. Because the ignition radius is less than the

critical value, the energy released by the chemical reactions

occurring at the initial stage is not enough to maintain the

combustion of methane, and eventually lead to the failure of

ignition. Methane combustion process consists of a chain

reaction composed by a series of elementary reactions. The

failure of methane ignition must be caused by the termination

of one or more elementary reactions. In order to obtain the

elementary reaction for the termination of methane combustion

when the ignition radius is less than the critical value, variation of

the reaction rate of each elementary reaction with ignition time is

studied, as shown in Figure 15. The chemical reaction rate reflects

the activity of the elementary reaction. When the reaction rate of

a certain elementary reaction suddenly drops to a low level, the

elementary reaction is considered to be terminated.

As seen in Figure 15, after ignition, the chemical reaction

rates of elementary reactions R1, R3, R4, R5, R6, R10, R11, R14,

R15, R16, R17, R18, R19, and R20 increase gradually with the

ignition time, or increase to a certain value and then maintain

constants. However, the chemical reaction rates of the

elementary reactions R2, R8, R9, R12, and R13 increase with

ignition time to a certain value and then decrease greatly.

FIGURE 16
Variation of kinetic rate of elementary reactions with time when ignition radius is 4.6 mm.
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Therefore, the elementary reactions R2, R8, R9, R12, and

R13 may be the termination reaction for the failure of the

ignition. Next, variation of the reaction rate of the above five

elementary reactions with time are studied when the ignition

radius is 4.6 mm (i.e., successful ignition), as shown in Figure 16.

It can be seen that after ignition, variation of the chemical

reaction rate of the elementary reaction R2 is the same as that

when the ignition radius is 4.5 mm, therefore, R2 is not the

terminated elementary reaction for the failure of ignition. In

contrast, after ignition, the reaction rates of the elementary

reactions R8, R9, R12, and R13 maintain at a high value and

does not decrease, which is different from that when the ignition

radius is 4.5 mm. To sum up, when the ignition radius is less than

the critical value, the terminated elementary reactions resulting

in the failure of ignition are R8, R9, R12, and R13.

3.4 Terminated elementary reactions
when the ignition temperature is less than
the critical value

Figure 17 shows the variation of flame temperature with

ignition time at an ignition temperature of 1170 K. As seen in

Figure 17, the flame temperature gradually decreases after

ignition. When the time after ignition is greater than 0.14 ms,

the flame temperature rapidly drops below 300 K. The

FIGURE 17
Variation of temperature with time when ignition
temperature is 1170 K.

FIGURE 18
Variation of mass fraction of species when ignition temperature is 1170 K.
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continuous decrease in temperature indicates that no chemical

reaction occurs after ignition. Figure 18 shows the variation of the

mass fraction of some components with ignition time. It can be

seen that the mass fraction of methane fluctuates after ignition.

However, the volatility is only 0.00002, and it is assumed that

CH4 has not been consumed after ignition. As seen in Table 1, the

start of the chemical reaction chain is the dehydrogenation of

CH4, and the corresponding elementary reactions are R1: CH4 =

CH3 + H, R2: CH4 + OH = CH3 + H2O, R3: CH4 + O =CH3 +

OH, and R4: CH4 +H = CH3 +H2. The initial stage does not exist

H, OH, and O free radicals, therefore, the failure of ignition is due

to the failure initiation of the elementary reaction R1. This is also

confirmed by the fluctuations magnitude of the mass fractions of

CH3 (10
−8) and H (10−11), which is shown in Figure 18. Simply

based on the elementary reaction, R1 is an endothermic reaction.

Therefore, the occurrence of R1 needs enough energy to be

provided. As seen from Table 1, the activation energy of the

elementary reaction R1 is 455.06 kJ/mol, which induces a larger

ignition energy, i.e., the reaction requires a sufficient ignition

temperature.

3.5 Validation of the numerical results
based on experimental data

In this paper, the ignition source is set to a high temperature air

mass, and it is proposed for the first time to study the critical value of

methane combustion at low temperature by changing the radius and

temperature of the high temperature air mass. As for whether the

above processing method can accurately simulate the actual spark, it

needs to be verified by previous experimental results. According to the

results in Section 3.5 in this paper, when the ignition temperature is

lower than the critical value, the failure of ignition is due to the failure

initiation of the elementary reaction R1, which is the first reaction of

the chemical reaction chain. Therefore, the initial temperature has no

effect on the critical ignition temperature. However, the initial

temperature has a large effect on the critical ignition radius, as

shown in Figure 19A. After calculation using the numerical model

in this paper, the critical ignition radius of methane is 4.6 mm at the

low temperature of 150 K, while it is 3.9 mm at room temperature.

Therefore, low temperature leads to an increase in the critical ignition

radius. If the spark energy density of the ignition electrodes maintains

a constant, the minimum ignition energy (MIE) increases with the

increase in the critical ignition radius, which is consistent with the

experimental results in Ref. (Cui et al., 2016b). In order to verify the

correctness of the numerical simulation results, theMIEs based on the

critical ignition radius are calculated. For the spark generator used in

Ref. (Cui et al., 2016b), it is difficult to measure the spark energy

density. At this point, at an initial temperature of 273 K, the calculated

MIE is thought to be equal to the experimental value, which is

0.56 mJ. Therefore, the corresponding ignition energy density is

calculated according to Equation 1, which is 0.002255mJ/mm3.

Based on this energy density value, the critical ignition energies

(i.e., MIEs) of methane at different initial temperatures are

calculated and compared with the experimental results, as shown

in Figure 19B. As seen from the figure, with a decrease in initial

temperature, the difference between the calculated and experimental

results gradually increases. But overall, the maximum absolute error

between those is 0.08 mJ. Therefore, the ignition initiation process of

methane at low temperature can be well studied using the numerical

model and the ignition method in this paper.

E � 4
3
πr3ρ (1)

Here, E is the ignition energy, ρ is the ignition energy density, and

r is the critical ignition radius.

FIGURE 19
(A) Effect of initial temperature on the critical ignition radius; (B) Experimental and calculated minimum ignition energy at different initial
temperatures.
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4 Conclusion

In this paper, the initiation process of methane combustion at

low temperature is studied and the following conclusion are

drawn.

(1) At the initial time after ignition (within 0.5 ms), due to the

lower concentration of free radicals, CH4 is consumed slowly

and the mass fraction of CH4 in the flame core is not zero. As

the combustion reaction proceeds, an increase in free radical

concentrations lead to the increase in CH4 consumption rate.

The consumption of CH4 directly affects the concentration

distribution of CO during the ignition initiation period,

which causes an inverse relationship between CO

concentration distribution and CH4 concentration

distribution.

(2) The mass fraction of the intermediate product in the burned

area and the unburned area is low and reaches the maximum

on the flame front. Moreover, as the reaction proceeds, the

maximum concentration of the intermediate product on the

flame front gradually decreases.

(3) Variations of the mass fraction of free radicals H and O are

the same with those of the intermediate product: the mass

fractions in the burned and unburned areas are both low and

reach the maximum on the flame front. In the burned area,

the OH mass fraction is not zero whereas maintains a high

value. It indicates that OH is either a free radical which

participates in the elementary reaction as a chain carrier, or a

combustion reaction product remaining from the

intermediate chain reaction.

(4) The ignition radius has a large effect on the initiation stage of

methane combustion. With an increase in ignition radius,

the combustion pressure increases. However, the ignition

temperature has no effect on the initiation stage of methane

combustion. At a low temperature of 150 K, the critical

ignition radius for methane initiation is 4.6 mm, while it

is 3.9 mm at room temperature. Therefore, the low

temperature leads to a large increase in the critical

ignition radius. The initial temperature has no effect on

the critical ignition temperature, which is 1,180 K at low or

normal temperatures. The numerical simulation results and

the experimental results show a good agreement.

(5) When the ignition radius is less than the critical value, the

failure of methane ignition is caused by the termination of

the elementary reactions R8, R9, R12, and R13. However,

when the ignition temperature is less than the critical value,

methane is not ignited successfully because of the failed

initiation of the elementary reaction R1.
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