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Abstract 7 

The energy deposition distribution is crucial factor during plasma assisted ignition (PAI) 8 

influenced by streamer morphology, electric field, electron density and gas temperature. This 9 

paper presents numerical studies on energy transfer induced by gas heating and kinetic 10 

enhancement effect during ignition of lean and stoichiometric CH4/O2/He mixture excited by 11 

NRP-SDBD plasma. The two-dimensional plasma solver PASSKEy is employed to analyse 12 

hydrodynamic perturbation in a very small time-spatial scale for CH4/O2/He mixture with 13 

different equivalence ratios. A faster early perturbation response after plasma excitation 14 

occurs for stoichiometric CH4/O2/He mixture owing to more concentrated energy release. 15 

The plasma-participant path flux analysis model is newly developed to reveal the kinetic 16 

effects of key plasma species, dominant global reaction paths for oxidation of CH4. It is 17 

highlighted that the important role of CH4(v13) and O(1D) enriched at higher PRF by 18 

plasma-oriented kinetic reactions on formation of active radical O atoms and key 19 

intermediate CH3. High PRF is beneficial for release of H atoms along with the reduced 20 

consumption for O2 on the global reaction path of conversion from CH4 to CO2. Ultimately, 21 

the energy efficiency of gas heating is discussed from the view of plasma kinetics. The 22 

enrichment of O(1D) and charged species owing to improved PRF facilitates increase in the 23 

proportion of total discharge energy spent on gas heating attributed to the quenching 24 

reactions of O(1D) and recombination reactions of charged particles. 25 
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1 Introduction 28 

The lean combustion of natural gas has remarkable advantages in improving engine 29 

thermal efficiency while reducing pollutant emissions. However, the ultra-lean mixture 30 

combustion is still facing main challenges in significant cycle-to-cycle variability or even 31 

misfires. The non-equilibrium plasma gives unprecedented opportunity for combustion 32 

enhancement and emission mitigation, due to its great potential in altering conventional 33 

S-curve[1], promoting ignition[2,3], extending flammability limits[4], improving flame 34 

stability[5], accelerating low-temperature fuel oxidation[6], and fuel reforming[7,8].    35 

The nanosecond repetitive pulsed surface dielectric barrier discharge (NRP-SDBD) is a 36 

promising method to generate large-area and uniform non-equilibrium plasma with more 37 

kinetic activity and higher energy density. Non-equilibrium plasma assisted combustion/ 38 

ignition (PAC/PAI) at atmospheric pressure and low initial temperature can be accomplished 39 

via various enhancement pathways including thermal effect, kinetic effect and transport 40 

effect[9-11]. The electrons run away from the atoms and transform into highly energetic free 41 

electrons under the influence of applied electric field. Subsequently, the energy transfer from 42 

the high-energy electrons into surrounding gas molecules occurs by inelastic collision. The 43 

rising of temperature due to the increase in internal energy of gas molecules facilitates 44 

acceleration of chemical reactions as well as fuel oxidation according to the Arrhenius 45 

equation, knows as the thermal effect. Moreover, the activated particles taken as “chemical 46 

combustion promoters” and strong oxidizing free radicals are generated by electron impact 47 

reactions between high-energy electrons and reactant molecules (i.e. vibrational and 48 

electronic excitation, ionization, and dissociation), resulting in reduced activation barriers 49 

and accelerated chain reactions, which refers to kinetic effect. Meanwhile, the transport 50 

effect responses to the ion wind effect associated with the enhanced mixing of reactants. 51 
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The positive PAC/PAI process is basically determined by the energy deposition 52 

influenced by the gas temperature, the electric field, ionization degree, and discharge 53 

morphology[12]. Many researches have reported the results of quantitative studies involving 54 

numerical or experimental in-situ diagnosis investigations into the effects of combustion 55 

enhancement as well as gas heating during PAC/PAI processes. The experimental techniques 56 

for diagnosis of key parameters mainly include spectroscopy measurements for electric 57 

field[13], schlieren or shadow imaging related to energy release[14], optical emission 58 

spectroscopy (OES)[15,16] and picosecond CARS spectroscopy[17] to measure gas temperature. 59 

Zhao Q et al.[18] developed the transient high-frequency nanosecond surface dielectric barrier 60 

discharge (nSDBD) system for ignition of stoichiometric propane/air mixtures at ambient 61 

initial temperature and pressure in constant volume combustion chamber. The spatial 62 

distribution characteristics of discharge filaments through multi-channel nSDBD were 63 

revealed, to assess the promoting effects on initiation of flame kernel. Furthermore, the 64 

minimum ignition energy used to ignite propane/air mixtures with stable flame propagation 65 

speeds was therefore reported. The influence of gas pressure and discharge energy on flame 66 

propagation of lean propane/air mixtures ignited by high voltage NRP discharge on 67 

pin-to-pin electrode was investigated by Xu et al.[19]. The study examined the superiority 68 

with higher flame propagation speed motivated by NRP discharge compared to conventional 69 

spark ignition. In numerical simulation, the zero-dimensional program that couples plasma 70 

kinetics solver ZDPlasKin and chemical reaction kinetics solver CHEMKIN was widely 71 

applied to model the interplay between non-equilibrium plasma processes and hydrocarbon 72 

oxidation. The reduced electric field (E/N, where E is the electric field and N is the gas 73 

number density) was usually set as a constant value during repetitive nanosecond pulse stage 74 

used as hybrid ZDPlasKin-CHEMKIN model input to study ignition enhancement effects of 75 

Jo
urn

al 
Pre-

pro
of



non-equilibrium plasma on ignition of reactants[20-23]. A modified model based on SENKIN 76 

and ZDPlaskin code has been developed by Qiu Y et al.[24] to investigate ignition delay and 77 

emission characteristics of NO for combustion of NH3/N2/O2 mixtures excited by hybrid 78 

repetitive nanosecond and DC discharge plasma. It was found that O(1D) promoted ignition 79 

via NH3+O(1D)→NH2+OH through sensitivity analysis, and NH3(v2) played the dominated 80 

role in heat release via V-T relaxation reaction NH3(v2)+NH3→2NH3.      81 

Gas heating is also one of significant factors affecting discharge energy deposition 82 

during PAC/PAI process. The local temperature rise owing to fast gas heating (FGH)[25] 83 

resulting from quenching of electronic excitation species within tens-hundreds of 84 

nanoseconds and slow gas heating[26] caused by V-T relaxation on microsecond timescales 85 

can (i) accelerate chemical reactions; (ii) create hydrodynamic perturbation due to the 86 

propagation of pressure waves. The ignition in the whole combustion chamber is facilitated 87 

by the propagation of combustion waves. It was demonstrated that the propagation of 88 

combustion waves can be accelerated owing to the interaction between hydrodynamic 89 

perturbation and combustion waves if gas heating within the ignition regions occurs on a 90 

shorter timescale than typical gas-dynamic time[27-30]. The gas heating effects combined with 91 

the generation of active species play an important role in reducing ignition delay and 92 

improving flame stability of lean combustion. Moreover, the gas heating is able to induce 93 

plasma thermal instability[31,32] so that trigger positive feedback of discharge enhancement 94 

processes. The plasma thermal instability refers to closed-loop including positive feedback of 95 

gas temperature, gas density, reduced electric field, electron density, Joule heat, etc. 96 

(
→→→→→ TjEeNENT n/

). The combustion kinetics reactions can either 97 

decelerate or accelerate the occurrence of instability known as thermal-chemical 98 

instability[33-35]. The plasma destabilization will lead to redistribution of deposited energy and 99 
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transition of discharge mode from homogeneous state to contracted state, thus disturb 100 

phase-transition from streamer to spark during NRP discharges. The kinetic models, energy 101 

efficiency and characteristic time of gas heating were closely monitored in previous studies. 102 

The proportion of total energy deposition attributed to fast gas heating during nanosecond 103 

pulsed discharge on pin-to-pin electrode was calculated by Xu et al.[36]. It was showed that 104 

most of discharge energy could be rapidly converted into gas heating within tens of 105 

nanoseconds, approximately 75% of the discharge energy can be effectively transformed into 106 

gas heating when E/N is increased to 270Td and initial gas temperature is 2000±500 K. The 107 

compression waves generated in nitrogen and air mixtures at P=100Torr during nanosecond 108 

pulsed discharge on spherical electrode were observed by Montello et al.[37]. It was 109 

concluded that the characteristic time of rapid temperature rise in air was approximately 110 

100ns, which was considerably shorter than in nitrogen (1µs). The numerical simulation of 111 

gas heating under nanosecond pulsed discharge in H2/air mixtures at an initial temperature of 112 

1000K and atmospheric pressure was carried out by Kobayashi et al.[38] . It was found that 113 

the generation of O(3P), H and OH, as well as temperature increase were mainly attributed to 114 

quenching of )∑( 3
2

+
uAN , )( 3

2 gBN  , )( 3
2 uCN  by O(1D) and H2, along with quenching of 115 

O(1D) by H2. White et al.[39] measured the characteristic time of V-T relaxation reactions 116 

related to O2(v) and CxHy at T=430-1350K for stoichiometric C2H4/O2 mixtures. It was 117 

observed that V-T relaxation occured in a shorter time scale than typical gas-dynamic time 118 

for ambient pressure above 1bar, while the heat release due to V-T relaxation affected the 119 

formation and propagation of combustion waves.  120 

As mentioned above, the microscopic parameters such as E/N and electron density are 121 

the most important for controlling ignition enhancement and flame stabilization during 122 

PAC/PAI process, but these parameters are difficult to measure in real-time and situ through 123 
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the experiments. Furthermore, hydrodynamic perturbation and plasma thermal instability 124 

caused by gas heating will influence the distributions of deposited energy, those should be 125 

taken most care to be addressed. In the light of the issue above, the objective of this study is 126 

to explore the nonlinear synergetic interaction between streamer propagation of NRP-SDBD 127 

plasma, energy transfer induced by gas heating and plasma kinetics during non-equilibrium 128 

PAI on CH4/O2/He mixtures. Firstly, the hydrodynamic perturbations initiated by fast gas 129 

heating in CH4/O2/He mixtures with different equivalence ratios are compared, in order to 130 

qualitatively analyze the early response of the fluid after plasma excitation in a very short 131 

time and small spatial scale. Secondly, the dominant global reaction paths connecting source 132 

species to sink species are disclosed in the perspective of both plasma and chemical kinetics 133 

using time-evolution of electric field during streamer propagation as inputs of hybrid 134 

ZDPlasKin-CHEMKIN model. Meanwhile, the normalized sensitivity coefficient for ignition 135 

delay time are systematically analyzed to qualify the importance of key reactions. Finally, 136 

the energy efficiency of gas heating attributed to plasma-oriented kinetic reactions during 137 

PAI of CH4/O2/He mixtures is evaluated.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         138 

2 Hydrodynamic perturbation initiated by nSDBD in CH4/O2/He mixtures 139 

In our previous study[40], a simplified plasma kinetics mechanism of CH4/O2/He 140 

mixtures has been developed based on P-DRGEP (Plasma-targeted Directed Relation Graph 141 

with Error Propagation) algorithm and path flux analysis, to mitigate the computational loads 142 

of modeling nSDBD by the two-dimensional plasma solver PASSKEy[41]. The mechanism 143 

was well calibrated by reaction gas temperature and energy branching. A two-dimensional 144 

streamer propagation model initiated by nSDBD plasma in CH4/O2/He mixtures was set up, 145 

which showed good performance in predicting the characteristics of discharge current on 146 

peak value, changing trend and phase. Moreover, as the ionization wave propagates forward, 147 
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the sequential and spatial distributions of electric field were extracted, which would be used 148 

as inputs in following plasma-chemical kinetic modeling. 149 

In aspect of plasma kinetics, the inelastic collisions between high-energy electrons and 150 

gas molecules occur under the excitation of nSDBD, accompanying with energy transfer. 151 

The rates of heat release caused by relaxation and quenching of excited species as well as 152 

recombination of charged particles are much greater than those by outward diffusion, hence 153 

leading to localized high-temperature and pressure waves. It was found[42-45] that the 154 

propagation speed of pressure waves was at supersonic speed in the initial discharge stage 155 

and subsequently decayed to the level of sound speed within the time range of microsecond 156 

to millisecond due to thermal diffusion and air resistance. Nevertheless, it is difficult to 157 

measure hydrodynamic perturbation on nanosecond time scale by experimental methods. 158 

In this section, as the Electron Energy Distribution Function (EEDF) changes with 159 

mixture composition, the pressure perturbation on nanosecond to sub-microsecond time scale 160 

due to local gas heating induced by nSDBD is modeled by PASSKEy for both stoichiometric 161 

and lean (φ=0.5) CH4/O2 mixtures with 75% helium dilution. The discharge voltage is set to 162 

triangular waves of 15kV in amplitude and 50ns on the rising as well as falling edges. The 163 

schematic diagram of electrode shape and computational domain with mesh layout is given 164 

in Figure 1. The space-time distributions of gas pressure from the end of discharge to the 165 

early afterglow stage (t<1us) in CH4/O2/He medium at φ=1 and φ=0.5 are depicted in 166 

Figure 2 and Figure 3, respectively. It can be observed that pressure wave is initiated at the 167 

interface between the bare electrode and the upper surface of dielectric, and propagates 168 

outward along the direction perpendicular to the surface of dielectric. 169 

In order to quantify hydrodynamic perturbation under different gas mixture media, the 170 

propagation speed within the nanosecond to sub-microsecond time scale is formulated by 171 
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fitting the propagation distance of the pressure wave against time as shown in Figure 4. The 172 

calculated propagation speed of the pressure wave is 606.95m/s when φ=1, whereas for φ173 

=0.5, it is recorded as 577.50m/s. Additionally, it is found that the total heat release for φ=1 174 

is 1.1652 times greater than that with φ=0.5 based on calculated the total fast gas heating 175 

energy deposition of each reactions. From this standpoint, it is speculated that there is more 176 

concentrated energy release and higher heating rate for surrounding gas when φ=1, which 177 

facilitates stronger perturbation and faster propagation speed of pressure waves.   178 

 179 

 180 

Fig.1. The schematic diagram of electrode shape, computational domain and mesh distribution 181 

 182 

 183 
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 184 

 185 

 186 

Fig.2. The evolution of the calculated pressure perturbations (in Pa) under nSDBD excitation for 187 

0.083CH4/0.167O2/0.75He plasma 188 

 189 

 190 
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 191 

 192 

 193 

Fig.3. The evolution of the calculated pressure perturbations (in Pa) under nSDBD excitation for 194 

0.05CH4/0.20O2/0.75He plasma 195 

 196 

Fig.4. The propagation distance of pressure wave induced by nSDBD for stoichiometric and lean CH4/O2 197 

mixtures with 75% helium dilution 198 
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3 Simulation of ignition of CH4/O2/He mixtures excited by NRP-SDBD plasma  199 

In this study, a zero-dimensional model incorporating the plasma kinetics solver 200 

ZDPlasKin and the combustion chemical kinetics solver CHEMKIN is used to explore the 201 

effects of pulse repetition frequency (PRF) on low temperature ignition of lean and 202 

stoichiometric CH4/O2/He mixtures excited by NRP-SDBD plasma, in which the electric 203 

field against time curve E(t) during streamer propagation extracted at probed point near the 204 

center of the two-dimensional discharge field (x=14.5, y=1.1mm) calculated by PASSKEy is 205 

dynamically interpolated as shown in Figure 5. The initial electron density is set to 108 cm-3 206 

estimated based on the given power density. 207 

The time evolution of electron density, E/N and gas temperature during PAI for 208 

stoichiometric and lean (φ=0.5) CH4/O2 mixtures with 75% helium dilution at different PRF 209 

(20kHz/100kHz) is displayed in Figure 6. It can be observed that ignition occurs after three 210 

discharge pulses for φ=1.0 at PRF=20kHz, while gas temperature has no significant change 211 

after few pulses for φ=0.5 at the same PRF, which is mainly owing to less energy 212 

deposition and weakened kinetic effect. The details explanation is available in our previous 213 

study[40] considering the length of this paper. Compared with φ=0.5 at PRF=20kHz, 214 

increasing the PRF to 100kHz enables the lean CH4/O2/He mixture to be ignited successfully 215 

after several pulses. 216 
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 217 

Fig.5. Schematic diagram of electric field excitation 218 

 219 

 (a) φ=1,PRF=20kHz                             (b) φ=0.5,PRF=20kHz 220 

 221 

  (c) φ=0.5,PRF=100kHz 222 

Fig.6. Time evolution of electron density, E/N and gas temperature for stoichiometric and lean (φ=0.5) 223 
CH4/O2/He mixtures excited by NRP-SDBD at different PRF  224 
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3.1 Kinetic effects motivated by NRP-SDBD plasma on ignition of CH4/O2/He mixtures 225 

3.1.1 Global path flux analysis 226 

The stoichiometric coefficient matrix and reaction rate matrix are calculated to evaluate 227 

the contribution rate of each reaction to the generation of species dominated in PAI. The 228 

reaction path diagrams are elaborately depicted for CH4/O2/He mixtures at φ=1 with 229 

PRF=20kHz and φ=0.5 with PRF=100kHz as shown in Figure 7 and Figure 8, respectively. 230 

The non-equilibrium excitation of NRP-SDBD plasma promotes the production of active 231 

species such as O atoms, singlet oxygen atoms O(1D) and singlet oxygen molecule O2(a
1Δg), 232 

which directly accelerate the generation of CH2OH and CH3O, as well as indirectly facilitate 233 

the formation of important ignition intermediates CH3, CH2O and HCO via kinetic effect. It 234 

is observed that O(1D) mainly comes from electron impact dissociation reaction via E+O2→235 

E+O+O(1D), while most of O2(a
1Δg) are produced from electronic excitation reaction via 236 

E+O2→E + O2(a
1Δg). It is worthwhile to note that O atoms mainly comes from chemical 237 

reaction via H+O2→O+OH for φ=1.0 with PRF=20kHz. Nevertheless, for φ=0.5 with 238 

PRF=100kHz, most of O atoms are derived from plasma reactions including electron impact 239 

dissociation E+O2→E+O+O/O(1D), quenching of ( )+

g

1

2 ΣbO  via ( )+

g

1

2 ΣbO +H→OH+O, and 240 

quenching of O(1D) via O(1D)+O2→O+ ( )+

g

1

2 ΣbO . Moreover, CH3 is outstanding towards the 241 

formation of C2Hy and CH2O. While for φ=1.0 with PRF=20kHz, CH3 primarily comes 242 

from the chemical reactions between CH4 and active radicals OH/H/O. It is noteworthy that 243 

two active species participant paths are the major sources of CH3 formation at φ=0.5 with 244 

PRF=100kHz, via CH4(v13)+O→CH3+OH and O(1D)+CH4→CH3+OH, respectively. 245 

Consequently, it can be inferred that improving the PRF enriches the activated species like 246 

O(1D) and CH4(v13), thereby the PAI process is enhanced with plasma kinetic effects. 247 
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 248 

Fig.7. The reaction path diagram for φ=1 and PRF=20kHz 249 

 250 

Fig.8. The reaction path diagram for φ=0.5 and PRF=100kHz 251 

To further assess the kinetics of PAI systems, the global pathways analysis (GPA)[46] and 252 

Depth First Search (DFS) algorithm[47] are employed to uncover transformation from the 253 

initial reactants to the final products. It features with identifying dominant global reaction 254 

paths (S0→…Si→…→Sj) connecting source species to sink species through important hub 255 

species based on constructed element flux graphs in plasma-assisted systems. Firstly, the 256 

element flux transfer going from the i-th species to the j-th species Ae,i→j is calculated by  257 

 
 →→ =

r

jirejie aA ,,,

 
(1) 258 

where jirea →,,  is the element flux transfer of the e-th element going from the i-th species to 259 
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the j-th species through the r-th reaction. Meanwhile, jirea →,,  is given by  260 

 
),0max( ,,,, rjirejire wCa →→ =
 

(2) 261 

where rw  is the rate of the r-th reaction. The positive element flux jireC →,,  from the i-th 262 

species to the j-th species is obtained by  263 

 









=→

otherwise

vv
n

n
n

C irjr
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(3) 264 

where iren ,,  represents the number of the e-th element going out from the i-th species in the 265 

r-th reaction, and jren ,,  represents the number of the e-th element going into the j-th 266 

species in the r-th reaction. ren , represents the number of the e-th element in the r-th 267 

reaction. Subsequently, the DFS algorithm is used to pinpoint all global pathways from 268 

source species to sink species based on element flux transfer matrix. In this study, the 269 

parameter DGP,e is defined to figure out the dominant global pathways governing the element 270 

flux of source species given by formula (4). The calculation flowchart of global path analysis 271 

is shown in Figure 9.   272 

 esourceGPesourceeGP DDD ,/,, =
 (4) 273 

Where esourceD ,  is the ratio of total number of the e-th atom in the source species to the 274 

total number of the initial e-th atom. esourceGPD ,/ represents geometric mean of the fractions 275 

of the e-th atoms distributed to the conversion steps of global pathway, in which GPn  276 

represents the number of conversion steps in the global pathway. 277 

 

GPn

GPji k kie

jie
esourceGP

a

A
D

1

, ,

,
,/ )( 

 →

→
=

 

(5) 278 
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 279 

Fig.9. The calculation flowchart of global path flux analysis 280 

The source species CH4 and sink species CO2 are selected as characteristic particles to 281 

monitor the migration of the element C. The dominant global reaction paths for conversion 282 

from CH4 to CO2 are screened and sorted based on parameter DGP,e as shown in Table 1 and 283 

Table 2, respectively. When φ=1 and PRF=20kHz, the dominant global reaction pathway 284 

for oxidation of CH4 is as follows: CH4=>CH3=>CH2O=>HCO=>CO=>CO2. The 285 

intermediate oxide CO is mainly originated from HCO via HCO+O2=>CO+HO2 and HCO 286 

+H=>CO+H2. While for φ=0.5 and PRF=100kHz, the primary pathway for conversion 287 

from CH4 to CO2 is CH4=>CH3=>CH2O=>HCO=>CO2. The species HCO is directly 288 

transformed into CO2 through the reaction HCO+O=>CO2+H, resulting in the release of H 289 

atoms as well as reduced consumption of O2 and H atoms. 290 

Table 1 The global reaction pathway chains for conversion from CH4 to CO2 for φ=1 and PRF=20kHz 291 

The global reaction pathway chains DGP,e 

CH4=>CH3=>CH2O=>HCO=>CO=>CO2 2.5972e-02 

CH4=>CH4(V13)=>CH3=>CH2O =>HCO=>CO=>CO2 1.5903e-02 

CH4=>CH3=>CO=>CO2 1.5067e-02 

CH4=>CH3=>CH2OH =>CH2O=>HCO=>CO=>CO2 1.4620e-02 

CH4=>CH4(V24)=>CH3=>CH2O=>HCO=>CO=>CO2 1.4542e-02  
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Table 2 The global reaction pathway chains for conversion from CH4 to CO2 for φ=0.5 and PRF=100kHz 292 

The global reaction pathway chains DGP,e 

CH4=>CH3=>CH2O=>HCO=>CO2 4.9700e-02 

CH4 =>CH3=>CH2O=>HCO=>CO=>CO2  4.1971e-02 

CH4=>CH4(V13)=>CH3=>CH2O=>HCO=>CO2 3.8024e-02 

CH4=>CH4(V13)=>CH3=>CH2O=>HCO=>CO=>CO2 3.4536e-02 

CH4=>CH4(V24)=>CH3=>CH2O=> HCO =>CO2  3.3094e-02  

3.1.2 Sensitivity analysis 293 

In this section, the sensitivity analysis is carried out to explore the influence of plasma 294 

kinetic reactions on ignition delay time. The normalized sensitivity coefficient of ignition 295 

delay S is defined by formula (6). A negative sensitivity coefficient indicates that the plasma 296 

reaction promotes ignition enhancement.  297 

               
))((

))(())(2(

irrt

irrtirrt
S



 −
=  (6)

 298 

Where   is the ignition delay time, )(irrt is the rate constant of the i-th reaction.  299 

Figure 10 displays the normalized sensitivity coefficients of plasma involved kinetic 300 

reactions which have significant influence on ignition delay time during NRP-SDBD plasma 301 

assisted combustion of stoichiometric and lean (φ=0.5) CH4/O2/He mixtures. It can be 302 

observed that ionization reactions E+O2=>E+E+O2
+, E+CH4=>E+E+CH4

+, 303 

E+CH4=>E+E+CH3
++H, and E+He=>E+E+He+ have the most pronounced effects on 304 

ignition enhancement, indicating a positive correlation between production of electron and 305 

reduction of ignition delay time. The positive sensitivity coefficients of electron attachment 306 

reactions via E+O2=>O2
- and E+O2=>O+O- further validate this conclusion. The normalized 307 

sensitivity coefficient of E+O2=>E+O+O(1D) is -0.4973 for φ=1 and PRF=20kHz, which 308 

is -0.2663 when φ=0.5 and PRF=100kHz. The finding suggests that the production of O 309 

and singlet O(1D) originated from dissociation reaction of O2 facilitates ignition 310 

enhancement. Furthermore, the sensitivity coefficients of recombination reactions of charged 311 

species via O2
-+O2

+=>O2+O2 and O-+O+=>O+O for φ=0.5 and PRF=100kHz are -0.2214 312 
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and -0.2206, respectively. It can be concluded that recombination reactions promote ignition 313 

at high PRF attributed to enriched charged species.      314 

       315 

          (a)φ=1, PRF=20kHz                           (b)φ=0.5, PRF=100kHz 316 

Fig.10. The normalized sensitivity coefficients of plasma kinetic reactions for ignition delay time 317 

3.2 Gas heating induced energy transfer during PAI for CH4/O2/He mixtures  318 

From the view of plasma kinetics, the relaxation of vibrationally excited species, 319 

quenching of electronically excited species, as well as recombination of charged particles 320 

will contribute to discharge energy transfer due to gas heating. In this section, the proportion 321 

of heat deposition during PAI for CH4/O2/He mixtures is calculated for φ=1.0 with 322 

PRF=20kHz and φ=0.5 with PRF=100kHz, as tabulated in Table 3 and Table 4, 323 

respectively. Wherein, the heat release can be calculated using formula (7), where rh324 

represents the reaction enthalpy and rq  is the rate of the r-th reaction. The energy 325 

efficiency nR is defined to quantify the proportion of total discharge energy spent on gas 326 

heating.   327 

 rrr hqQ =  (7) 
328 

The energy efficiency of gas heating attributed to the quenching of O(1D) by CH4, O2 
329 

and CH2O is taken 9.7461% and 13.3649% for φ=1.0 with PRF=20kHz and φ=0.5 with 330 

PRF=100kHz, respectively. Figure 11 displays the density of O(1D) against time curve 331 

during PAI for stoichiometric and lean (φ=0.5) CH4/O2/He mixtures at different PRF 332 
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(20kHz/100kHz). It can be observed that ignition in lean mixture (φ=0.5) at the lower PRF 333 

(20kHz) is not conducive to the production of O(1D). The efficiency in generating O(1D) is 334 

the highest for φ=0.5 and PRF=100kHz, indicating that the enrichment of O (1D) should be 335 

attributed to shortened pulse interval. Moreover, the total energy efficiency of gas heating 336 

owing to electron-ion recombination and ion-ion recombination is 3.8207% and 9.9649% for 337 

φ=1.0 with PRF=20kHz and φ=0.5 with PRF=100kHz, respectively. This indicates that 338 

more O(1D) and charged species such as electrons and CH3
+ are generated by increasing PRF, 339 

as well as more concentrated energy is deposited. In addition, the quenching reactions of O2* 340 

and O2(B1) are also the main sources initiating gas heating. The deposited heating caused by 341 

relaxation reactions of CH4(v13) accounts for 1.3510% of the total discharge energy when 342 

φ=1 and PRF=20kHz, nevertheless such deposited heating is quite small for φ=0.5 and 343 

PRF=100kHz due to the characteristic time of relaxation of CH4(v13) exceeding the pulse 344 

interval for PRF=100kHz.   345 

Overall, the global path flux analysis and sensitivity analysis for ignition of lean and 346 

stoichiometric CH4/O2/He mixtures motivated by NRP-SDBD plasma at different PRF are 347 

compared, meanwhile the energy transfer efficiency induced by gas heating is discussed, 348 

providing valuable insights into assess the kinetics of plasma-assisted systems and energy 349 

relaxation in discharges in hydrocarbon-based mixtures.  350 
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 351 

Fig.11. The density of O(1D) vs time during PAI of stoichiometric and lean (φ=0.5)  352 

CH4/O2/He mixtures under different PRF(20kHz and 100kHz)   353 

Table 3 The main sources of gas heating for φ= 1 and PRF=20kHz 354 

Reaction class R (%) 

The quenching reactions of O(1D) by CH4/O2/CH2O 9.7461 

The recombination reactions of electron and CH3
+/O2

+  1.9826 

The recombination reactions of O2
- and O2

+ 1.8381 

The quenching reactions of O2* by He  1.4589 

The relaxation reactions of CH4(v13)  1.3510 

The quenching reactions of O2(B1) by H 0.7766 

Table 4 The main sources of gas heating for φ= 0.5 and PRF=100kHz 355 

Reaction class R (%) 

The quenching reactions of O(1D) by CH4/O2/CH2O 13.3649 

The recombination reactions of electron and CH3
+/CH4

+/O2
+/O+ 6.9921 

The recombination reactions of O-/O2
- and O2

+ 2.9728 

The quenching reactions of O2* by He 1.7010 

4 Conclusions 356 

The discharge energy transfer triggered by gas heating during ignition of stoichiometric 357 

and lean CH4/O2/He mixtures excited by NRP-SDBD plasma are numerically studied. 358 

Meanwhile, the path flux analysis model is constructed to explore the kinetic enhancement 359 

effects of dominated species in plasma-assisted systems and global reaction paths connecting 360 

source species to sink species. Main conclusions can be drawn from this work, as follows:   361 
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(1)The propagation characteristic of pressure waves after nSDBD excitation is 362 

simulated by two-dimensional plasma solver PASSKEy. The hydrodynamic perturbations 363 

caused by fast gas heating in stoichiometric and lean (φ=0.5) CH4/O2/He mixtures within 364 

the nanosecond to sub-microsecond time scale are compared. The calculated propagation 365 

speed of pressure wave is higher in stoichiometric CH4/O2/He mixtures, which is owing to 366 

more concentrated energy released. 367 

(2)The path flux analysis model in plasma-participant system is developed to quantify 368 

impact weight of dominated species on ignition enhancement. It was found that active 369 

species such as O, O(1D), O2(A1) generated under the excitation of NRP-SDBD plasma 370 

accelerate the production of important ignition intermediates CH3, CH2O and HCO. It is 371 

noteworthy that for the case of φ=1 and PRF=20kHz, O atoms and CH3 mainly come from 372 

chemical reactions, while for the case of φ=0.5 and PRF=100kHz, most of O atoms are 373 

derived from electron impact dissociation and quenching reactions of excited species, CH3 
374 

mainly originates from plasma reactions involving CH4(v13) and O(1D). The release of H 375 

atoms along with the reduced consumption for O2 are achieved by increasing PRF on the 376 

global reaction pathway of methane oxidation. 377 

(3)The energy efficiency of gas heating during PAI of stoichiometric and lean(φ=0.5) 378 

CH4/O2/He mixtures at different PRF is calculated. The more concentrated energy is 379 

deposited at higher PRF, leading to enrichment of O(1D) and charged species, thereby 380 

promoting increase in the proportion of total discharge energy spent on gas heating owing to 381 

the quenching reactions of O(1D) and recombination reactions of charged particles. The 382 

energy efficiency of gas heating due to relaxation of CH4(v13) is higher for φ=0.5 with 383 

PRF=100kHz compared to φ=1.0 with PRF=20kHz, which is attributed to the characteristic 384 

time of relaxation of CH4(v13) exceeding the pulse interval when PRF=100kHz.  385 
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Highlights: 

⚫ The hydrodynamic perturbation after nSDBD excitation in a quite small time-

spatial scale for CH4/O2/He mixture with different equivalence ratio is simulated 

by two-dimensional plasma solver PASSKEy.   

⚫ The path flux analysis model in plasma-participant system is newly developed to 

reveal the kinetic effects of key plasma species and dominant global reaction paths 

connecting the user-defined source species to sink species. 

⚫ The energy transfer induced by gas heating during ignition of stoichiometric and 

lean CH4/O2/He mixture motivated by NRP-SDBD plasma is systematically 

analyzed from the view of plasma kinetics.  
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