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ABSTRACT: Vibrationally excited species play an important role
in elevating the gas temperature and reaction rates in fuel−plasma
reaction systems. Classical two-temperature models coupled with
the well-known Fridman−Macheret α-model have been validated
and widely used to describe the plasma and fuel systems. However,
the Fridman−Macheret α-model strictly requires the information
on elementary reaction rates. This, in conjunction with two-
temperature models, may lead to high errors and high computa-
tional cost in high-dimensional plasma-combustion coupled
modeling due to the enormous vibrationally related reactions and
the misuse of overall rates in classical combustion chemistry sets. We propose in this work a three-temperature model (Triple-T
model hereafter) as an option for modeling complex plasma-fuel chemistry systems. A new variation, “Reaction Temperature” Treact,
is introduced to account for the influence of vibrationally excited states in high-dimensional models. This model has been
successfully tested in 3 classical cases: the plasma-assisted ignition of NH3/O2/N2, CH4/O2/He, and H2/O2/He mixtures. The
original chemistry set is reduced by 46%, 33%, and 7%, respectively. The influence of vibrational states on the energy partition and
ignition delay time is studied with the help of the proposed model.

■ INTRODUCTION
Plasma-assisted ignition and energy conversion have attracted
more and more attention in recent years. Plasma mainly
promotes ignition through three pathways: the thermal effect via
increasing gas temperature; the kinetic effect via producing
excited state species and radicals; and the transport enhance-
ment via fuel decomposition and ionic wind.1,2

About the thermal effect and kinetic effect of electronically
and vibrationally excited species, there has been a lot of research:
Mao et al. found that the long lifetime O2(a1Δg) produced in
hybrid discharges is more efficient than O and O(1D) in ignition
promotion with a given energy input.3 The simulation study
from Zhong et al. shows that the dissociation of NH3 to NH/
NH2 at room temperature is controlled by electron collision and
dissociative quenching by electronically excited species such as
N2(A) and O(1D).4 Taneja et al. found that the pressure-
dependent recombination reaction H +O2 +M→HO2 +M can
delay the ignition by limiting the reactive radicals.5 The
enhancement effects described above are all studied via global
model coupling plasma chemistry and combustion chemistry.
The global modeling of coupled plasma and combustion

chemistry primarily involves the coupling of the calculations
from various programs. For example, Lefkowitz et al.6 combined
ZDPlaskin7 with SENKIN8 to establish the hybrid code
coupling plasma and combustion chemistry. Based on the
coupling of Cantera9 and ZDPlaskin, Shahsavari et al.10

developed a reaction kinetics model for the chemical coupling

between plasma and combustion. We also developed a coupled
plasma and combustion chemistry solver (named CPCC) by
combining the ZDPlaskin code with a home-made simple
combustion code with F90 format, adding a sensitivity and path
flux analysis module to make the code compatible with widely
used post-processing software (e.g., Pumpkin11 and QtPlas-
kin12). During the discharge processes, ZDPlasKin utilizes a
Boltzmann equation solver to determine the electron temper-
ature and reaction rates, drawing from the input list of the
electron impact reaction cross sections. SENKIN/Cantera is
employed to compute the thermal properties and chemical
reaction rates under conditions provided by ZDPlasKin.
Additionally, integration of species and temperature equations
is performed using an ODE solver, such as VODE.13 These
models have extensively examined the effects of electron
collision reactions and chemical reactions involving electron
excited states on the ignition. However, research into vibration-
ally excited states’ impact on ignition remains insufficient.
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The electron collision reaction generates a large number of
vibrationally excited species, leading to a kinetic nonequilibrium
process in the discharge.14 In order to more accurately calculate
the influence of the vibrationally excited state of plasma on the
reaction, Gordiets et al.15 used the “vibration temperature” to
estimate the reaction rate constant. This estimation assumes that
the vibrational levels conform to the Boltzmann distribution. Of
course, when the vibrationally excited state distribution is far
from the Boltzmann distribution, this estimation method may
lead to certain inaccuracies. According to the Park model,16 the
dissociation rate coefficient can be determined using the
conventional Arrhenius formula for equilibrium reactions, with
temperature replaced by an effective value: Teff = T0

s Tv
1−s. This

implies the need to obtain the vibrational temperature, but real-
time measurement of vibrational temperature in experiments
requires strict experimental conditions.
In most plasma-assisted ignition studies, the Fridman−

Macheret α-model is widely used to estimate the rate constants
of chemical reactions in which vibrationally excited states
participate, so that the contribution of vibrationally excited
states to ignition is taken into account.3,17,18 However,
estimating reactions of all molecules in vibrationally excited
states using solely the Fridman−Macheret α-model proves
challenging: a large number of reaction rate estimates
significantly increase the workload in constructing the reaction
mechanism, making the model cumbersome and computation-
ally demanding, particularly for two-dimensional (2D) and
three-dimensional (3D) simulations. Meanwhile, a lack of
comprehensive consideration for vibrationally excited states can
potentially compromise the accuracy of simulation studies in
plasma-assisted ignition.
The objective of this study is to develop a model that

simplifies the consideration of vibrationally excited species in
simulations of plasma-assisted ignition, reducing the number of
reactions required while still ensuring computational accuracy.
The Models and Chemistry Mechanisms section presents the
development of a three-temperature model for plasma-assisted
ignition, along with a corresponding mechanism establishment
method. The verification of these components is conducted in
the Performance of the Model and Chemistry Mechanisms
section. The Effect of Vibrationally Excited Species in Different
Discharge Conditions and Mixture section investigates the
impact of vibrationally excited species on plasma-assisted
ignition under varying initial temperature, pressure, and
discharge conditions in CH4/O2/He and H2/O2/He mixtures,
based on the newly developed model. The detailed calculation
conditions are provided in the Discharge Definition and Initial
Conditions section. Ultimately, the study concludes with a
summary of findings in the Conclusions section.

■ MODELS AND CHEMISTRY MECHANISMS
Three-Temperature Model. Based on our previous

coupled plasma and combustion chemistry solver (CPCC)17

and the model from Ju et al.,6 each time step is divided into two
processes: the plasma chemistry process and the combustion
chemistry process. By solving the following set of coupled rate
equations, the time evolution of species density is obtained

N
t

S t i i
d

d
( ) 1 ...i

j

j

ij
1

max

max[ ] = =
= (1)

where [Ni], Sij, imax, and jmax represent the density of the i-th
species, contribution of different reactions to the change in

density of the i-th species, number of species, and reactions in
the chemistry mechanisms, respectively. And the time evolution
of gas temperature is obtained by calculating the energy change
of the mixture

dH c Tdp gas= (2)

dU c Tdv gas= (3)

where dTgas is the change of gas temperature, dH and dU
represent the enthalpy change and internal energy change of the
mixture, respectively, and cp and cv represent the heat capacity at
constant pressure and constant volume, respectively. Equation 2
is used in a constant-pressure environment, while eq 3 is applied
in a constant-volume environment.
In the commonly used two-temperature global model, the

discharge energy Eext is divided into three parts: energy
deposited into the electrons Eelec, the translational energy Egas,
and the chemical energy Echem

19

E E E Eext gas elec chem= + + (4)

Energy used to calculate the change of gas temperature is Egas
(e.g., Egas = dH in constant pressure calculation), which only
includes the change in the translational energy. The vibrational
energy is classified into the following categories: Echem. The
energy of the vibrationally excited species is transferred to Egas
through the inclusion of chemical and relaxation reactions
involving vibrationally excited species in the chemistry
mechanisms. This approach to separating energy and rate
estimation leads to the following problems:
(i) Overly Complex Mechanism: Vibrationally excited states

contribute to overcoming the energy barrier in almost all
endothermic reactions. Thus, estimating all endothermic
reactions using only the Fridman−Macheret α-model is
challenging, and it leads to an excessively complex chemical
mechanism, which makes it difficult to perform the computa-
tions within a reasonable time in 2D/3D simulations.
(ii) Unreasonable consideration of contributions from

vibrational energy: The reaction rates in conventional
combustion mechanisms generally include contributions from
various vibrational energy levels. For instance, ref 20 computes
the reaction rates for different vibrationally excited states and,
using the Boltzmann distribution of these states, couples the
rates from different vibrational levels into a single overall
reaction rate. Furthermore, commonly used combustion
reaction rates are typically validated or derived from shock
tube experiments, which are unable to obtain reaction rates for a
single vibrational energy level. However, as is shown in Figure 1,
the “elementary reaction” required by the α-model specifically
refers to the reaction rate involving the vibration level v = 0 only.
Consequently, using classical combustion reaction rates in the α-
model may overestimate the contribution of vibrational energy,
especially when these rates are derived from global measure-
ments, such as shock tube experiments. However, if well-
characterized elementary rates are used (particularly those from
high-level quantum calculations), the α-model can still yield
reliable results, as shown in ref 18, though this significantly
increases the workload required for mechanism development.
Inspired by the quasi-classical model described in ref 20,

where contributions from different vibrational energy levels are
incorporated into the reaction rate via the Boltzmann
distribution, a similar approach is proposed for calculating
reaction rates in nonequilibrium gases. By introducing a reduced
temperature that simultaneously characterizes vibrational,
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translational, and rotational energy modes, it is expected that the
estimation of reaction rates can be significantly simplified,
enabling more efficient and accurate computations (see Figure
2).
Therefore, our new model incorporates three distinct

temperatures: the electron temperature Telec, the experimentally
measurable gas temperature Tgas, and the temperature Treact used
to calculate the reaction rate constant. Unlike Tgas, Treact includes
the energy of gas molecules’ translational and vibrational energy
rather than just involving the translational energy. The
rotationally excited species are rapidly quenched due to the
fast rotational−translational (R−T) relaxation,14 thus the
rotational energy is considered as translational energy.

Telec is derived from the electron energy distribution function
f 0
21

T f delec
0

3/2
0=

(5)

Here, ε symbolizes the electron energy. The computation of Telec
is performed by ZDPlaskin,7 a plasma chemistry solver, in
conjunction with the BOLSIG+21 module, which is designed to
solve the electron energy distribution function (EEDF). Telec is
utilized in the calculation of the rate constants for electron−

related reactions, including electron−impact excitation and
electron−impact dissociation, among others.

Tgas and Treact are calculated separately

T
E

cgas
gas=

(6)

T
E

creact
react=

(7)

E E Ereact gas vib= + (8)

Where c, Ereact, and Evib represent the average heat capacity, the
energy used to calculate the change of Treact, and the energy of
the vibrationally excited state, respectively. Egas can be calculated
from eq 4. Evib is determined by the change in the density of the
vibrationally excited species over the iteration

E E n E n
i

i t dt i t dt
i

i t i tvib , , , ,

max max

= · ·+ +
(9)

where Ei,t and ni,t represent the energy and density of each
vibrationally excited species in the mixture at time t, and Ei,t+dt
and ni,t+dt represent their energy and density at time t + dt.
Different from Teff in the existing Park model, Treact’s acquisition
method is related to the energy change of the mixture and does
not rely heavily on experimental measurement, so it has a wider
applicability in simulation studies.
A pulse discharge under adiabatic conditions is used as an

example to demonstrate the model (Figure 3). The process is
divided into four stages based on different gas states: initial state,
discharge stage, relaxation stage, and final equilibrium stage.
In the initial state (stage I), the gas is in equilibrium, with Tgas

equal to Treact. In the discharge stage (Stage II), Treact rises
rapidly due to the input of energy from the electric field. Rapid
gas heating caused by the relaxation of electronically excited
species also leads to a sharp increase in the Tgas. In low E/N
conditions (as shown in Figure 3), a significant portion of the
input energy is stored in vibrational modes, resulting in Treact >
Tgas. In the relaxation stage (stage III), with no external energy
input or loss, Treact remains constant, while vibrational energy
gradually transfers to translational modes via V−T relaxation,
slowly increasing Tgas. Eventually, in the final equilibrium stage
(stage IV), the system returns to thermal equilibrium, with Tgas
equaling Treact again.

Figure 1. Schematic of the “ground-state reaction rate” required by the
α-model and the “overall reaction rate” of the combustion mechanisms.
Using combustion chemical mechanisms that include different
vibrationally excited states for α-model estimation leads to an
overestimation of the contribution of the vibrational energy to the
reaction.

Figure 2. Diagram of a reaction rate based on a reduced temperature, as an alternative to the α-model. The α-model considers the contribution of
vibration excitation to the reaction by estimating the reaction rate of a single vibration level. Based on the reduced temperature, the contribution of
vibrational excitation to the reaction can be considered directly from the reaction rate containing different vibration levels.
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Under high E/N conditions, however, the behavior in Stages
II and III differs significantly. In this case, most of the input
energy is consumed in electronic excitation, dissociation, and
ionization, with little energy deposited in vibrational modes. As a
result, the difference between Treact and Tgas is much smaller, and
the two temperatures remain approximately equal (Treact ≈ Tgas)
throughout the discharge and relaxation stages.

Chemistry Mechanisms. The chemistry mechanisms
consist of two components: combustion chemistry and plasma
chemistry. The plasma chemistry mechanism includes chemical
reactions and relaxation reactions involving vibrationally excited
species. In the traditional global model, the reaction rate
constants of chemical reactions involving vibrationally excited
states are estimated using the Fridman−Macheret α-model.16 In
the Fridman-Macheret α-model, the rate constant of the
ground-state species is used to estimate the reaction rate of
the vibrationally excited state. The rate constants of ground-state
species are mainly derived from traditional combustion
chemistry mechanisms. Additionally, the rate constants of
vibration−translation (V−T) relaxation and vibration−vibra-
tion (V−V) interactions are estimated using the SSH theory16

and the Morse model,22 respectively.
In this study, three groups of mechanisms were used: the

CH4/O2/Hemechanism proposed byMao et al.,3 the NH3/O2/
N2 mechanism by Qiu et al.17 and the H2/O2/He mechanism
also proposed by Mao et al.18 These mechanisms include a
comprehensive and detailed description of reactions involving
vibrationally excited states.
The reactive enhancement of the vibrationally excited state

has been considered in Treact; therefore, all of the chemical
reactions involving vibrationally excited species are removed. To
study the transfer of vibrational energy to translational energy,
V−T relaxations and V−V interactions were preserved as the
primary response to energy level changes in the vibrational state.
With the aforementioned modifications, the plasma chemistry
mechanism was significantly simplified. The number of plasma
chemistry reactions in the CH4/O2/He, NH3/O2/N2, and H2/
O2/He mechanisms was reduced from 629 to 339, 613 to 408,
and 647 to 603, respectively.

A significant decrease in the number of reactions can improve
not only the speed of zero-dimensional calculation but also
facilitate the simplification of two-dimensional calculation
mechanisms: a smaller mechanism scale can reduce the time
required for sensitivity analysis during mechanism simplifica-
tion. Meanwhile, this simplification helps to reasonably account
for the contribution of vibrationally excited states to ignition in
2D/3D simulations.

Objectives and Limits of the Model. The objective of this
work is to optimize the existing zero-dimensional model that
couples plasma and combustion chemistry mechanisms. The
proposed model aims to more comprehensively account for the
impact of vibrationally excited states of each species on plasma-
assisted ignition and energy conversion, diminish the workload
created by numerous estimated rate constants, and decrease the
complexity of the reaction mechanism, which can help to reduce
the time cost in 2D/3D simulations. This model is expected to
enhance the consideration of vibrationally excited states in 2D
and 3D plasma-assisted ignition and energy conversion
simulations.
Although this method addresses the issues of heavy

computational workload and strict requirements on elementary
reactions in the estimation based on the α-model, there are still
areas for improvement. In the assumption of the model, it is
considered that 100% vibrational energy is used to overcome the
activation energy barrier of the reaction process. However, in
fact, the utilization rate of vibrational energy in the reaction is
not always 100%: for the strong endothermic reaction where the
activation energy is close to the enthalpy of the reaction, the
efficiency of vibrational energy α is the highest (close to 100%);
but for exothermic reactions without activation energy, the
efficiency of vibrational energy α is the lowest (close to 0%).16

This means that for reactions that are less exothermic and
endothermic, the use of this model leads to an overestimation of
the rate due to the small vibrational energy contribution.
To overcome the above limitations, the model can be slightly

adjusted during the calculations to minimize errors. Specifically,
different temperatures can be used depending on the reaction
type: for exothermic reactions, the reaction rate is determined

Figure 3. Diagram illustrating the differences and relationships between Tgas and Treact in the new model under adiabatic pulse discharge conditions.
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using Tgas, while for endothermic reactions, Treact is used.
Alternatively, Evib can be multiplied by an average α coefficient
to calculate Treact based on the overall efficiency of vibrational
energy utilization for the reaction. To avoid the high
computational cost of determining reaction-specific α values,
reactions can be broadly classified into three categories
(endothermic, exothermic, and thermoneutral) with represen-
tative correction factors assigned to each type. The determi-
nation of these type-based correction factors is currently being
investigated in our ongoing work using quantum chemistry
methods.
Additionally, simplification of the mechanism results in the

omission of certain reaction steps. As a result, the model lacks
the capability to provide reliable quantitative predictions of the
contributions from specific vibrationally excited states. This is
because the model assumes that all vibrational energy can be
used to overcome activation barriers, which is not rigorous from
a microscopic perspective. However, this assumption serves as a
practical compromise in macroscale chemical kinetics modeling,
where reaction rates are governed by average molecular energy
rather than the detailed energy distribution among degrees of
freedom. In this context, the proposed method provides a
simplified but effective alternative to the α-model, offering more
robust qualitative information for 2D/3D simulations. As the
ignition behavior in such simulations is often more sensitive to
qualitative trends than exact vibrational state kinetics, this
approach is especially suitable for large-scale modeling. We have
clarified this point in response to the reviewer’s concern.

Discharge Definition and Initial Conditions. A nano-
second hybrid DC discharge was employed to investigate the
impact of the vibrationally excited species. The electron density
was maintained through pulsed discharges, while the promotion
of vibrationally excited species was achieved through low
reduced electric field (E/N) discharges. The reduced electric
field of the pulse was set to 200 Td, while the E/N of the DC
stage ranged from 0 to 20 Td, which is comparable to the E/N
values observed in gliding arc discharges, one of the most widely
studied plasma sources in plasma-assisted combustion and
energy conversion. The discharge frequency is fixed at 30 kHz.
In order to investigate the role of vibrationally excited species

under various conditions, different initial temperatures and
pressures were employed. The initial temperatures were set to
300, 450, 600, and 900 K, while the initial pressures were set to
250, 500, and 760 Torr. The mixture ratios for the different
systems were as follows: 0.083 CH4/0.167 O2/0.75 He, 0.219
NH3/0.164 O2/0.617 N2, and 0.1667 H2/0.0833 O2/0.75 He.
All systems were considered adiabatic and maintained at a
constant pressure.

■ RESULTS AND DISCUSSION
Performance of the Model and Chemistry Mecha-

nisms. In this section, the performance of the model and the
simplified chemical mechanism is examined.
To assess the model’s ability to accurately capture the rapid

gas heating resulting from the quenching of electronically
excited states and the slow gas heating caused by the quenching
of vibrationally excited states, we employed the model to
simulate discharge in air and methane separately. The results are
shown in Figure 4. In the air discharge, it can be seen that there
are two obvious processes of fast gas heating and slow gas
heating in Tgas, and the time evolution of Treact is also in line with
expectations. Due to rapid V−T relaxation, the temperature
difference in CH4/O2/He is extremely low, which is explained in

The Effect of Vibrationally Excited Species in Different
Discharge Conditions and Mixtures section. Overall, we believe
that the model has the ability to simulate the transfer between
different energies.
The simulated temperatures were compared with the

experimental data from ref 6 and ref 4 to verify the new model
and the reduced mechanism. Figure 5 shows that the simulation
results are in good agreement with the experimental data for the
low-temperature oxidation of 0.083 CH4/0.167 O2/0.75 He and
0.089 NH3/0.084 O2/0.827 N2. Besides ensuring accuracy, the
Triple-Tmodel also significantly improves the calculation speed.
As illustrated in Figure 5b, the calculation time for both CH4/
O2/He and NH3/O2/N2 mixtures is reduced by approximately
20%. This will provide a significant speed increase for both direct
simulation and mechanism simplification of 2D/3D plasma-
assisted combustion.
The comparison of experimental data for H2/O2/Hemixtures

in ref 18 is challenging due to the absence of energy loss data.
Considering the excellent performance of the mechanism
simplification method and the model in both CH4/O2/He and
NH3/O2/N2 mixtures, we believe that this method is also
applicable to H2/O2/He mixtures.

Effect of Vibrationally Excited Species in Different
Discharge Conditions and Mixtures. The effects of
vibrationally excited species on ignition under different working
conditions (initial temperature, pressure, and reduced field) and
mixture are investigated in this section. Given the similar
structure of CH4 and NH3 (involving the bonding of a heavy
atom with hydrogen atoms), this section focuses on
investigating the role of vibrationally excited species in CH4/
O2/He and H2/O2/He mixtures.
Two parameters χvib and τign are defined to study the

proportion of vibrational excited species and their effect on the
ignition delay. χvib and τign are calculated using eqs 10 and 11,
respectively

T T

T
100%vib

react gas

react
= ×

(10)

100%
T T

T
ign

ign 2 ign 3

ign 3
= ×

(11)

Figure 4. Evolution of Tgas and Treact over time during the discharge in
air and a CH4/O2/He mixture. In air discharge, the difference between
Tgas and Treact is significant, with Tgas showing two distinct increases. But
in the CH4 mixture, the difference between the two is negligible, and
Tgas only exhibits a single increase.
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where τign−2T and τign−3T represent the ignition delay time

calculated using the three-temperature model and the traditional

two-temperature model, respectively. χvib can be utilized to

quantify the fraction of vibrationally excited species in the

mixture, and τign can show the influence of vibrationally excited
species on ignition.
Figure 6 illustrates χvib and τign during plasma-assisted ignition

of a 0.083 CH4/0.167O2/0.75 Hemixture under various E/N of
the DC stage, pressures, and initial temperatures. With an

Figure 5. Comparison between (a) experimental and simulated results of gas temperature of plasma-assisted oxidation and (b) calculation time
between the two-temperature model and Triple-T model in CH4/O2/He and NH3/O2/N2 mixtures.

Figure 6. (a) Vibrational energy ratio χvib and (b) the ignition delay impact τign for plasma-assisted 0.083CH4/0.167O2/0.75He ignition with different
E/N, temperatures, and pressures. χvib can quantify the proportion of vibrationally excited species in the mixture, and τign indicates their effect on
ignition.

Figure 7. Energy loss fraction under different reduced electric fields in mixture (a) 0.083 CH4/0.167 O2/0.75 He and (b) 0.1667 H2/0.0833 O2/0.75
He.
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increase in E/N from 5 to 20 Td, the energy deposited into
CH4(v) and O2(v) decreases (see Figure 7a). Consequently, χvib
in the CH4/O2/He mixture also decreases gradually (see Figure
6a). However, τign does not exhibit a simple decrease with
increasing E/N of the DC discharges. Specifically, τign at 500
Torr shows a positive correlation with the reduced electric field:
at 600 K, the E/N of the DC discharge increases from 5 to 20 Td,
and τign increases from about 0.25 to 0.75%. This phenomenon
arises due to the decrease in the production of O2(a1Δg) when
the E/N is approximately 10−20 Td. The reaction H +
O2(a1Δg)(+M) → HO2(+M) exerts an inhibitory effect on
ignition,5,18 which becomes more pronounced at higher
pressures. As the role of O2(a1Δg) in promoting ignition
diminishes, the influence of vibrationally excited species on
ignition becomes increasingly pronounced. Therefore, the
change trend of the ignition delay time under 500 Torr differs
from that under 250 Torr.
Overall, the impact of chemical reactions involving vibration-

ally excited species on ignition in CH4/O2/He mixtures is not
significantly pronounced, with a maximum effect on the ignition
delay time of only 2%. As a result, when establishing the
chemistry mechanisms of hydrocarbon-based plasma-assisted
combustion, it is unnecessary to devote excessive effort to
considering the influence of vibrationally excited species on the
ignition, as vibrational energy rapidly transfers to translational
energy.

χvib and τign of plasma-assisted 0.1667 H2/0.0833 O2/0.75 He
ignition under different conditions are shown in Figure 8.
Similar to the case of the CH4/O2/He mixture, in the case of
pulse discharge (0 TdDC discharge), the energy deposition into
vibrationally excited states is extremely low, resulting in a
negligible influence on ignition. However, under 5−20 Td DC
discharges, vibrational excitation has a significantly stronger
effect in the H2/O2/He mixture than in CH4/O2/He: the H2
mixture exhibits a χvib of up to 10% and a τign of up to 25%,
compared to only 1 and 2% in the CH4/O2 case.
This difference can be understood by comparing the

characteristic time scales of key VT relaxation pathways, as
listed in Table 1. The relaxation time of O2(v1) by CH4 is on the
order of 10−8−10−7 s, which is about 3 orders of magnitude
faster than its relaxation by H2 (typically 10−5 s). Consequently,
the vibrational energy carried by O2 is rapidly quenched in CH4/

O2/He mixtures, limiting its contribution to ignition enhance-
ment.
In contrast, when O2(v1) relaxes more slowly in H2/O2/He,

vibrational energy is retained for a longer time, allowing more
significant energy transfer to the thermal mode. Furthermore,
direct excitation of H2(v1), another primary vibrational energy
channel in the H2/O2 mixture, also decays slowly: its VT
relaxation by H2 or O2 is much slower (around 10−3−10−2 s at
300 K, still above 10−4 s even at 600 K) compared to CH4(v1) +
CH4, which is on the order of 10−8 s.
This again highlights that vibrational energy in the H2/O2

system persists over time scales relevant to ignition, while in
CH4/O2, it is rapidly extinguished. Therefore, the observed
stronger influence of vibrational excitation on ignition in H2/
O2/Hemixtures is a direct consequence of the slower vibrational
relaxation of both O2(v1) and H2(v1), allowing for greater
energy accumulation and coupling with the ignition process.
In addition, as shown in Figure 4, the relaxation time of the

vibrationally excited state in pure air is longer than the typical
time required for plasma-assisted ignition (10−100 μs). This
implies that the reaction temperature of the gas will be higher
than themeasured temperature owing to the significant presence
of vibrationally excited states during air gliding arc plasma-
assisted combustion.
Another distinction from the CH4/O2/Hemixture in Figure 8

is that the influence of the vibrationally excited species on the
ignition delay time in the H2/O2/He mixture is essentially
proportional to the average temperature difference. This is

Figure 8. (a) Vibrational energy ratio χvib and (b) the ignition delay impact τign for plasma−assisted 0.1667 H2/0.0833 O2/0.75 He ignition with
different E/N, temperatures, and pressures. χvib can quantify the proportion of vibrationally excited species in the mixture, while τign indicates their
effect on the ignition.

Table 1. Characteristic Times (t = ln(2)/Rate, Unit: s) for VT
Relaxation Reactions under Different Pressure and
Temperature Conditions

conditions O2(v1) + H2 O2(v1) + N2 O2(v1) + CH4

760 Torr, 300 K 1.52 × 10−5 12.08 6.04 × 10−8

250 Torr, 300 K 4.62 × 10−5 36.73 1.84 × 10−7

760 Torr, 600 K 1.81 × 10−6 4.14 × 10−1 1.68 × 10−8

250 Torr, 600 K 5.51 × 10−6 1.26 5.12 × 10−8

conditions H2(v1) + H2 H2(v1) + O2 CH4(v1) + CH4

760 Torr, 300 K 5.42 × 10−3 3.39 × 10−2 6.31 × 10−8

250 Torr, 300 K 1.65 × 10−2 1.03 × 10−1 1.92 × 10−7

760 Torr, 600 K 1.25 × 10−4 7.79 × 10−4 1.84 × 10−8

250 Torr, 600 K 3.79 × 10−4 2.37 × 10−3 5.59 × 10−8
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because the energy used to produce the aforementioned
equilibria O2(a1Δg) in the H2/O2/He mixture is about 10%
lower than that in the CH4/O2/He mixture, resulting in a
minimal impact of O2(a1Δg) on the ignition delay time.
Consequently, the ignition delay in low E/N plasma-assisted
H2/O2/He ignition is primarily influenced by the vibrationally
excited species.
The energy deposition of the vibrationally excited state

reaches its peak at 10 Td and subsequently decreases. Therefore,
in Figure 8b, within the range 0 to 10 Td, the influence of the
vibrationally excited state on the ignition delay time gradually
increases (from 0 to 15−25%), but this influence decreases at
10−20 Td (from 15−25 to 7−22%). Additionally, as the
pressure increases from 250 to 760 Torr, the average
temperature difference gradually diminishes from 8% to less
than 2%. This occurs because the gas becomes thin at low
pressure, resulting in a lower collision probability for V−T
relaxation, but the reaction rate of the electron collision reaction
is not so much affected by the pressure: the electron collision
reaction rate is only linear with the gas density and not the
square relationship of the V−T reaction. Thus, the reaction rate
of V−T relaxation decreases faster than the electron collision
reaction, which leads to the presence of more vibrationally
excited species. Consequently, the influence of vibrationally
excited states becomes more pronounced at low pressure.

■ CONCLUSIONS
A three-temperature model that hybrid plasma chemistry and
combustion chemistry has been developed to enhance the
simulation of the effects of vibrationally excited species on
ignition. Meanwhile, a simplified method for establishing
mechanisms has been formulated. This method eliminates the
need for the Fridman−Macheret α-model to estimate the
chemical reactions involved in the vibrationally excited state,
focusing just on V−V and V−T relaxation, which can reduce the
reactions of the plasma mechanism by about 30−40%, which
also facilitates 2D/3D simulations. This approach considerably
reduces the calculation time. The new model better reflects the
microscopic interpretation of temperature as a result of
translational, rotational, and vibrational molecular motion and
accurately captures both the rapid and slow gas heating
processes during air discharge. Additionally, the model can
effectively reproduce the experimental data by using the
simplified mechanism.
To study the role of vibrationally excited species in plasma-

assisted combustion, pulsed hybrid DC discharges are used to
approximate a gliding arc discharge, which features rich
vibrationally excited species. The plasma-assisted ignition of
the CH4/O2/He mixture and the H2/O2/He mixture is
simulated. The results are as follows:
(i) In plasma-assisted ignition with low reduced electric field,

the reactions containing vibrationally excited states in hydro-
carbon fuel are almost negligible, but not in hydrogen. Because
vibrational energy rapidly converts to translational energy, the
impact of vibrationally excited state chemical reactions on the
ignition delay time in hydrocarbon fuel is minimal, typically
around 2% at most. Conversely, in plasma-assisted hydrogen
combustion, the slow relaxation of vibrationally excited states
results in a relatively high proportion of vibrationally excited
energy (2−10%), leading to a more pronounced effect on the
ignition delay time, reaching a maximum of 25%.
(ii) The impact of temperature, pressure, and E/N of DC

discharges on vibrationally excited states in plasma-assisted

combustion is substantial. In both CH4/O2/He and H2/O2/He,
the proportion of vibrational excited state energy diminishes as
the pressure and temperature increase. Yet, the impact of
vibrationally excited state energy on the E/N of DC discharges is
not consistently monotonic, owing to the interaction between
the energy deposited into the vibrationally excited state and
O2(a1Δg). Moreover, the influence of the vibrationally excited
state on ignition is not positively correlated. The ignition under
pulse hybrid 5−20 Td E/N DC discharges results from the
interaction between the vibrationally excited state and the
O2(a1Δg).
The fundamental conclusion that the influence of vibration-

ally excited state reactions in hydrocarbon fuels is essentially
negligible can offer theoretical support for developing and
streamlining the chemical mechanism. In low E/N discharges or
pulse discharges with a short rising edge, reducing the
consideration of vibrationally excited species can significantly
enhance the study efficiency. However, the model still exhibits
some deficiencies, including specific errors related to the
assumption of vibrational energy distribution as a Boltzmann
distribution. More precise methods for expressing vibrational
energy will be developed based on this model in the future.
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