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Abstract

Ignition enhancement using repetitive nanosecond discharge (NSD) is studied in a
stoichiometric hydrogen/air mixture. Numerical simulations are conducted for the
homogeneous ignition process using code incorporating ZDPlasKin and CHEMKIN. The
objective is to examine how the characteristics of the NSD affects the ignition delay time and
why the NSD promotes a homogeneous ignition process. The influence of pulse number,
discharge frequency, reduced electric field, total input energy and input energy per pulse on the
ignition process is investigated. It is found that the characteristics of NSD have a significant
impact on the ignition delay time. The ignition delay time changes non-monotonically with the
reduced electric field, and it depends on both the total input energy and the input energy per
pulse. Furthermore, it is shown that the ignition enhancement by NSD is mainly due to the
kinetic effects while the thermal effects (Joule heat) are negligible. The ignition enhancement is
mainly caused by radicals, especially H and O, produced by NSD. A reaction pathway analysis
is conducted to identify the key elementary reactions involved in the ignition enhancement using
NSD. The electron impact reactions and quenching reactions of excited species are found to
help to produce H and O radicals and thereby promote the homogeneous ignition process.

Keywords: Non-equilibrium plasma, nanosecond repetitively pulsed discharge, ignition
enhancement, kinetic effects

(Some figures may appear in colour only in the online journal)

1. Introduction [6, 7], dielectric barrier discharges [8] and nanosecond repet-

itively pulsed discharges (NSD) [9-14]. Recent experimental
Recently, non-equilibrium plasma has received great atten-  and numerical studies have demonstrated that non-equilibrium
tion due to its promising application in combustion enhance-  plasma can enhance ignition [9—11, 15-36] and flame propaga-
ment [1-3]. Non-equilibrium plasma can be generated in dif- tion [37-39], extend flammability limit [5, 40], extinction
ferent ways such as microwave discharges [4, 5], gliding arcs  1imit [12, 37, 41-43], flame stabilization limit [44-47] and
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explosion limit [19, 33, 34], enhance low temperature fuel
oxidation and processing [13, 14, 48] and also reform fuel and
reduce emissions [6, 8, 49]. In high speed propulsion systems
such as scramjet engines, it is difficult to achieve successful
ignition and subsequent complete combustion in a supersonic
flow since the characteristic flow residence time is comparable
to, or even shorter than, the ignition delay time [16, 17]. Non-
equilibrium plasma is one of the most promising technologies
to achieve ignition enhancement in such systems [2].

As reviewed by Ju and Sun [1-3], many studies have
been conducted for non-equilibrium plasma assisted combus-
tion, among which NSD has the advantage of efficient energy
deposition with nanosecond duration during the discharge pro-
cess [23]. Additionally, NSD with kHz repetition rates can
create volumetric non-equilibrium plasma with high voltage
[22]. Therefore, the ignition enhancement using NSD has been
investigated by different groups. For examples, Starikovskii
et al [19, 26-28, 33, 34] experimentally and numerically
investigated the effects of nanosecond high-voltage discharges
on the ignition process of different hydrocarbons and they
found that the ignition delay time can be greatly reduced by
nanosecond high-voltage discharges due to the kinetic effects.
Adamovich et al [29-32] conducted experiments to measure
the temperature and critical species during combustion pro-
cesses with NSD, and found that the significant temperature
rise and species accumulation caused by NSD can reduce the
ignition temperature. Lefkowitz et al [23, 35, 36] experiment-
ally and numerically studied the effects of NSD on temper-
ature, species and ignition time. They found that NSD can
reduce ignition time through both kinetic and thermal mech-
anisms and the total ignition energy, pulse repetition fre-
quency and peak pulse amplitude of the discharge are key
parameters for ignition enhancement. Nagaraja et al [11, 22,
24, 25] conducted experiments and simulations to investig-
ate the ignition enhancement caused by NSD and found that
the ignition is affected by the plasma chemistry and Joule
heat. Mao et al [9, 10] assessed the effects of excited non-
equilibrium plasma on ignition enhancement using a hybrid
repetitive nanosecond and DC discharge at low initial temper-
atures. They found that the controlled non-equilibrium excita-
tion with the hybrid plasma discharge is much more effect-
ive in ignition enhancement than thermal heating and NSD
alone.

Previous studies have mainly focused on the ignition
enhancement caused by NSD, while little attention has been
placed on assessing the thermal and kinetic effects involved in
the ignition enhancement. It is well known that plasma can
promote ignition through thermal enhancement and kinetic
enhancement [2, 22]. Thermal enhancement is achieved by
raising the temperature via energy transfer from electrons to
neutral molecules. Kinetic enhancement is accomplished by
generating excited species and radicals. The objective of this
study is to examine how the characteristics of the NSD affect
the ignition delay time and why the NSD promotes the ignition
process. Numerical simulations are conducted for the homo-
geneous ignition process in a stoichiometric hydrogen/air mix-
ture using code incorporating ZDPlasKin and CHEMKIN. The
auto-ignition process in a homogeneous mixture is considered

here. Note that the practical NSD assisted ignition process is
three-dimensional instead of being homogenous. Similar to
previous studies [9, 10, 23, 35] the simplified homogenous
model is used so that the thermal enhancement and kinetic
enhancement of NSD on the ignition delay time can be iden-
tified and that the transport of heat and species can be preven-
ted. NSD can also be used to promote ignition kernel develop-
ment and propagation in forced ignition (e.g. [50],). This will
be investigated through transient simulations considering both
chemical kinetics and transport in part IT [51].

The remainder of this paper is organized as follows. The
numerical and kinetic models are introduced in section 2. Then
in section 3, the influence of the pulse number, discharge fre-
quency, reduced electric field, total input energy, and input
energy per pulse of NSD on the ignition delay time is invest-
igated, and the thermal and kinetic effects involved in ignition
enhancement are quantified and discussed. Finally, the con-
clusions are presented in section 4.

2. Numerical and kinetic models

2.1. Numerical model

We consider the homogenous ignition process in a stoi-
chiometric H,/air mixture with non-equilibrium plasma gen-
erated by NSD. The mixture is initially at 7y = 800 K and
Py =1 atm, unlike previous studies [10, 22], in which experi-
ments have been performed to generate uniform plasma using
NSD at a lower pressure of 60—100 Torr. In the present
simulations, atmospheric pressure is considered and thereby
we assume that the non-equilibrium plasma generated by
NSD in Hy/air mixture at atmospheric pressure is uniformly
distributed.

The schematic of NSD and different types of reactions are
depicted in figure 1. The square waves with high reduced elec-
tric field E/N (ratio of electric field strength and gas number
density) are produced by the NSD. During each pulsed dis-
charge, reactions for electronic impact excitations @, disso-
ciations @ and ionizations @ are considered. The elementary
combustion reactions @ are not considered during the pulsed
discharge since the time scale of the discharge is very short
[9]. During the combustion process with the time scale in the
order of microsecond, elementary combustion reactions @ are
considered and the reduced electric field is equal to zero. As
shown in figure 1, the reactions of electron ion recombination
@, quenching of excited species ® and charge exchange ®
are considered in both the pulsed discharge and combustion
processes.

As in the previous work [35], the zero-dimensional homo-
genous ignition process is simulated using the in-house
code incorporating the plasma kinetics solver ZDPlasKin
[52] and combustion kinetics solver CHEMKIN [53]. The
Boltzmann equation solver, BOLSIG+ [54] is incorpor-
ated into ZDPlasKin to calculate the electron transport and
reaction coefficients. CHEMKIN solves the following govern-
ing equations for mass fraction of each species, Y;, and gas
temperature, Tyq,:
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Figure 1. Schematic of the nanosecond repetitively pulsed
discharge. Seven types of reactions are considered in discharge and
combustion processes: @ electronic impact excitations; @ electronic
impact dissociations; @ electronic impact ionizations; @ electron
ion recombination; ® quenching of excited species; ® charge
exchange reactions; @ elementary combustion reactions.
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where p is the mixture density, w; and W; are respectively the
production rate and molecular weight of the species i, Cy is
the specific heat at constant volume, e; is the internal energy
of the species i in mass units and #,,,,, is the total number of spe-
cies. ZDPlasKin solves the following equations for the number
density of each species, N;, and gas temperature, Tq:

Jmax

dN;
=200, 3)
r5
1 d(NT )
————= = Py 4
N — lkB dt gas» ( )

where Qj; is the source rates of species i corresponding to the
contribution from reaction j, j,.. is the total number of reac-
tions, <y is the specific heat ratio, kp is the Boltzmann constant,
N is the total gas number density. The right hand side of equa-
tion (4) represents the electric input power used for direct gas
heating during the nanosecond pulsed discharge, which is cal-
culated using the method of Flitti and Pancheshnyi [55]:

Pgas = Pext — Petec — Penem, (5)
P,y =eN,V.E, (6)

3 d(N.T,
Pejec = Ek3%7 (7)

2.2. Kinetic model

A kinetic model for Hy/air is developed and used in the present
simulation. It consists of 20 species and 111 reactions. Table
1 lists the four types of species included in the kinetic model.
Both combustion and plasma chemistries are included in this
kinetic model. The combustion chemistry for Hy/air is taken
from [56]. The plasma chemistry consists of plasma air kin-
etics and plasma hydrogen kinetics, in which the electron-
collision cross sections for air and hydrogen are downloaded
from the online database LXCat [57]. Table 2 lists the reac-
tions in the plasma kinetic model for Hj/air mixtures. The
kinetic model was validated by Nagaraja et al [22]. It is
noted that the reactions for the dissociation of atomic oxy-
gen in air, N>(B?) + 05 = Ny + O + O and No(C3) + O,
— N, + O 4+ O('D), and the reaction No(C3) + H, —
N, + H + H are not taken into account. Our simulation res-
ults indicate that including these reactions only slightly change
the ignition delay time for the conditions considered in this
work. Additionally, the rates for reactions O + e— O- 4+ O
and O, + O— — O3 + e are much lower than other reactions.
Therefore, these two reactions have little influence on the igni-
tion delay time and thereby are not taken into account.

To validate the present numerical and kinetic models, we
compare our computational results with those from experi-
ments [10]. Figure 2 shows that there is very good agreement
between the present model prediction and the experimental
data [10]. This demonstrates the validity of the present numer-
ical and kinetic models. Note that the kinetics is validated on
uniform plasmas at 60 Torr and are then transferred to uniform
plasma at atmospheric pressure.

3. Results and discussion

3.1. Effects of the characteristics of NSD on the ignition
process

First, we assess the effects of electrical characteristics on the
homogenous ignition of a stoichiometric Hp/air mixture using
non-equilibrium plasma generated by NSD. Specifically, the
influence of pulse number, 7, discharge frequency, f, reduced
electric field, E/N, total input energy, Ey, and input energy
per pulse, E;, are investigated. It is noted that these variables
are not independent in practical plasma-assisted combustion
processes. For example, the input energy per pulse E; can
be affected by the reduced electric field E/N. In simulations,
we make use of the advantage that these variables can be
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Table 1. Four types of species included in kinetic model for Hp/air mixtures.
Molecules Radicals Excited species Charged species
H», Oz, H>0, N3, H,03, O3 H, O, OH, HO, No(A%), N>, HN, F,
Na(B?), No(CY), H;0%, 0,7, e
Na(a"), O('D)
Table 2. Reactions and corresponding rate constant in the plasma kinetic model for Hp/air mixtures.
No. Reaction Rate constant (cm®/s) Ref.
%1 electronic impact excitation reactions
R1 Na+e— Ny(AY) + e BOLSIG* [54,58]
R2 N> +e—No(B) +e BOLSIG® [54,58]
R3 Na4+e— No(C?) +e BOLSIG® (54,58]
R4 No+e— Ny@@)+e BOLSIG* [54,58]
%1 electronic impact dissociation reactions
R5 0,+e—0+0+e¢ BOLSIG [54,58]
R6 0,4+e—0+0(D)+e BOLSIG [54,58]
R7 H+e—H+H+e BOLSIG® [54,58]
%1 electronic impact ionization reactions
RS No+e—Not +e+e BOLSIG [54,58]
R9 Oy +e+0, =0y +0, 1.4x107%(T4/300) ™ 'exp(100/T;—700/Te) [59]
R10 Oy +e+Ny =0y +N, 1.1x 1073 (T,/300) ~2exp(1500(1/Tg—1/Te)) [59]
R11 0, +e+H,0— 0, +H,0  14x107% [58]
R12 0,4+e+0—=0,+0 1.0x1073! [59]
%1 electron ion recombination reactions
R13 HN,* +e— N, +H 7.1x 107 exp(Te/300) "7 (58]
R14 H;0" +e —H,0+H 3.15x 10 Texp(Te/300) %72 [58]
%1 quenching reactions of excited species
R15 NyAHY+ 0, 5N, +0+0  25x10712 [59]
R16 Na2(A%) + Ny = Na + Ny 3.0x10718 [59]
R17 No(AY 4+ 0 = N, + O('D) 2.11x107 ! [59]
R18 NoBY) + Ny = Np(AH + N,  3.0x107H [59]
R19 Na(B?) — Np(A?) 1.5x10° [59]
R20 Na(a') + Ny — No(B?) + N 2.0x1071 [59]
R21 Na2(C?) + Ny — No(BY) + N, 1.0x10~ M1 [59]
R22 Na2(C¥) — No(B?) 3.0x1077 [59]
R23 o('D)+ 0, -0+ 0, 1.80x 10~ Mexp(107/T) [59]
R24 O('D) + N, = O + N, 6.40x 10~ 2exp(67/Ty) [59]
R25 No(AY) +Hy 5 Np +H+H  4.40x 107 Oexp(—3500/T,) [58]
R26 No(BY) +Hy — Np(AY +H,  2.5x107H (58]
R27 Na(a)+H, =N, +H+H 2.6x107 1 (58]
R28 O('D) + H, — H + OH 1.1x1071° [58]
%1 charge exchange reactions
R29 N>t +H, - HNpt + H 1.7x107° [58]
R30 HN,* +H20 — H;0Y + N,  2.6x107° (58]
R31 0y +0, = 0,+0; +e 2.7x 10719 (T,4/300)° exp(—5590/T,) [59]
R32 0y +N; 50+ Ny +e 1.9% 107 2(T4/300)° 2 exp(—4990/Ty) [59]

asum of N (A3 v0~%), Na(A3,v3~9) and Ny (A3, v'0) states

bsum of N»(B?), No(W?) and N»(B*3) states

¢sum of N»(C?), N»(E?) and N, (a“!) states

dsum of Na(a'), Na(a‘!') and No(w!) states

esum of Hy(b'), Ha(c!), Ha(a?), Hy(b3), Ha(c?), and Hy(d?) states
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Figure 2. (a) Evolution of temperature and number densities of H,O and (b) temperature and species mole fraction as a function of
discharge frequency for a stoichiometric H>/O, with 75% He dilution at 60 Torr.

specified and changed independently. Consequently, the indi-
vidual effect of each factor can be identified by changing only
one variable and fixing other variables.

Figure 3 shows the evolution of temperature, 7, and mole
fraction of oxygen radical, Xy, for a fixed frequency of
f = 40 kHz and a fixed input energy per pulse of E; = 0.1
mJ cm ™3, but with different values of pulse number of 1, = 56,
57 and 60. The vertical dashed lines in figure 3 correspond
to the end of the discharge, around which the enlarged insert
shows the pulse number. Before the 56th pulse, the temper-
ature increases gradually and the mole fraction of oxygen
radical increases overall accompanied with periodic fluctu-
ations. The oxygen radical is rapidly produced during each
discharge process while it is consumed during the combus-
tion processes. At the end of the 56th pulse, the temperat-
ure and mole fraction of oxygen radicals reach T = 869 K
and Xp = 4.7 ppm, respectively. When there is no further
nanosecond pulsed discharge (i.e. n, = 56), the temperature
remains nearly constant while the oxygen radical is rapidly
consumed, resulting in ignition failure. For n, = 57, success-
ful ignition is shown to be achieved and the corresponding
ignition delay time (defined as the time when the temperat-
ure reaches 1200 K) is 7;, = 1.99 ms. For n, = 60, the igni-
tion delay time is shortened to 7;, = 1.65 ms. Similar phe-
nomenon was also observed in [22, 23]. Therefore, there is a
critical pulse number, below which ignition fails. Above this
critical pulse number, the ignition delay time decreases with
increasing pulse number.

Figure 4 shows the effects of the discharge frequency on
the ignition process. The pulse number and input energy per
pulse are respectively fixed to be n, = 60 and E; = 0.1
mJ cm—3. The vertical dashed lines in figure 4 indicate the
ignition delay time. Successful ignition is achieved for three
frequencies of f = 40, 50 and 60 kHz. It is seen that as the
discharge frequency increases from 40 to 60 kHz, the igni-
tion delay time decreases from 1.65 ms to 1.05 ms. This is

because, for a higher discharge frequency, more oxygen rad-
icals can accumulate between two consecutive discharges (see
figure 4(b)) and thereby the temperature rise is much higher for
f = 60 kHz than that for f = 40 kHz during the combustion
process (see the insert in figure 4(a)). This indicates that igni-
tion enhancement can be achieved by increasing the discharge
frequency.

To assess the effects of input energy and reduced electric
field on the ignition process, in figure 5 we plot the change of
ignition delay time with the reduced electric field for fixed val-
ues of n, = 60 and f = 40 kHz, but different values of E; = 0,
0.084, 0.095 and 0.105 mJ cm 3. For E; = 0 (i.e. without
NSD), successful ignition occurs at ¢ = 8 s, which is independ-
ent of E/N. As E; increases, the ignition delay time greatly
reduces. At E; = 0.105 mJ cm™3, the ignition delay time is
around 1 ms, which is about four order of magnitude smaller
than 7;, = &8 s for E£; = 0. Therefore, NSD with high values of
E; can significantly promote ignition, this was also shown in
[23]. Moreover, figure 5 shows that for fixed E;, the ignition
delay time changes non-monotonically with the reduced elec-
tric field. This indicates that there is an optimal reduced elec-
tric field, at which ignition delay time reaches its minimum
value.

Usually it is expected that the ignition delay time can be
reduced by increasing the reduced electric field. At higher val-
ues of E/N, more radicals can be produced and thereby 7,
decreases with E/N for E/N <200 Td (1 Td = 1077 Vem?), as
shown in figure 5. To interpret the increase of 7;, with E/N for
E/N>?200Td, in figure 6 we plot the evolution of mole fraction
for four species, H, O, HO3 " and O, for E; = 0.095 mJ cm—3
and E/N =200 and 300 Td (corresponding to points A and B in
figure 5). The ignition delay time 7;, = 243 ms for E/N = 300
Td is much larger than 7;, = 47 ms for E/N = 200 Td. This is
because where E/N is in the range of 200 ~ 300 Td, increasing
E/N can greatly promote species ionization as shown in figures
6(c) and (d). The charged species H;O™ is produced through
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Figure 3. Evolution of (a) temperature and (b) mole fraction of oxygen radical for fixed E; = 0.1 mJ em™> and f = 40 kHz, but different

values of pulse number of n, = 56, 57 and 60.
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Figure 4. Evolution of (a) temperature and (b) mole fraction of oxygen radical for fixed E; = 0.1 mJ cm ™3 and n, = 60, but different values

of discharge frequency of f = 40, 50 and 60 kHz.

reaction HN>*t + H,0 — H30% + N,. This reaction com-
petes with the reaction HN, ™ + e — N, + H, which produces
H radicals. Similarly, the charged species O, is produced
through reactions O, +e + 0, - 0" + 0,0, +e + Np
— 0 +N,0,+e+H,O—-02+H;Oand O, +e + O
— Oy + O. These reactions compete with the reactions O, + e
—0+0+e¢e0;,+e— 0+ 0(D) + eand Na(A3) + O,
— Nz 4+ O + O, which produce O radicals. Consequently less
H and O radicals are produced for E/N = 300 Td compared
to E/N = 200 Td, which results in longer ignition delay time
for E/N = 300 Td. Similar phenomenon was found in [25], in
which the input energies are mainly consumed during electron
impact ionization processes in relatively high E/N while the
excited species and radicals via electron impact and quench-
ing of excited species reactions are produced in relatively low
E/N.

The input energy per pulse, E;, and the total input energy,
Ey, are respectively calculated by

Ei = (&)

tq
/ eN,V,Edt,
0

Ey=E; X np, (10)

where #, is the duration of NSD. In figure 5, the pulse number
is fixed to be n, = 60 and thereby Ej is proportional to E;.
For each given value of E;, the duration of NSD decreases as
the reduced electric field increases. Figure 5 indicates that the
ignition delay time deceases with the input energy per pulse.

Figure 7 shows the change of the ignition delay time with
the pulse number. It is seen that for a fixed pulsed number,
increasing the total input energy can reduce the ignition delay
time and promote ignition. This is consistent with results in
figure 5. Figure 7 also shows that when the total input energy
is fixed, the ignition delay time increases by around two order
when the pulse number is above some critical value. This
indicates that the ignition delay time is affected by not only
the total input energy E( but also the input energy per pulse
E;.

To interpret how the pulse number affects the ignition delay
time for fixed total input energy, in figure 8 we compare the
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Figure 5. Change of ignition delay time, 7;¢, with reduced electric
field, E/N for fixed n, = 60 and f = 40 kHz, but different input
energies per pulse of E; = 0, 0.084, 0.095 and 0.105 mJ cm .

results for the same E = 5.5 mJ cm 3 but different pulse num-
bers of n, = 40, 50 and 60, which correspond to points A, B
and C in figure 7.

As the pulse number decreases, the temperature increases
more obviously as shown in figure 8(a). Unlike the results in
figure 3, decreasing pulse number here leads to an increase
of input energy per pulse according to equation (10), which
generates more Joule heat to achieve a larger temperature
rise during the discharge processes. Moreover, increase of
input energy per pulse can promote the electronic impact reac-
tions. The radicals are produced by two types of reactions: the
electronic impact dissociation reactions (RS, R6 and R7 lis-
ted in table 2) and the electronic impact excitation reactions
(R1, R2, R3 and R4). These reactions produce the excited
species as shown in figures 8(c) and (d). Then, the radicals
can be produced through the quenching reactions of excited
species (R15, R23, R24, R25, R27 and R28). Consequently,
as shown in figure 8(b), for a smaller pulse number, more
H radicals are produced during the discharge and combus-
tion processes and thereby the ignition delay time becomes
shorter.

In a brief summary, the above results show that the char-
acteristics of NSD have significant impact on the homogen-
ous ignition process. For a fixed input energy per pulse E;,
the ignition delay time decreases monotonically with the pulse
number and discharge frequency, while it first decreases and
then increases with the reduced electric field. This indic-
ates that there is an optimal reduced electric field for igni-
tion enhancement by NSD. For a fixed total input energy Ej,
the ignition delay time increases with the pulse number, to
which the input energy per pulse is inversely proportional (i.e.
E; = Ey/np). Therefore, the ignition delay time depends on not
only the total input energy E, but also the input energy per
pulse E;.

3.2. Thermal and kinetic effects involved in the ignition
enhancement by NSD

In this subsection, the thermal effects due to Joule heat and
kinetic effects caused by excited species and radicals on igni-
tion enhancement are examined. A reaction pathway analysis
is conducted to identify the key elementary reactions involved
in the ignition enhancement by NSD.

Figure 9 shows the ignition delay time as a function of the
inverse of the initial temperature. It is observed that at an initial
temperature of 800 K (i.e. 1000 K/Ty = 1.25), the ignition
delay time for Ey = 5 mJ cm~3 is Tig = 0.285 s, which is
much smaller than 7;, = 9.27 s without NSD. This indicates
that increasing the total input energy can greatly reduce the
ignition delay time. This trend is consistent with the results in
figures 5 and 7.

To interpret the ignition enhancement by NSD, in figure
10 we compare the ignition delay time with different input
energy modes. The total input energy contributes to the pro-
duction of Joule heat (referred to as the thermal effects) and
excited species and radicals (referred to as the kinetic effects).
To separately assess the thermal and kinetic effects involved in
the ignition enhancement, we compare four types of ignition
delay time in figure 10. 74 and 7 are the ignition delay times
respectively corresponding to Ey = 0 and 2 mJ cm 3, as shown
in figure 9. When the total input energy of Eg = 2 mJ cm ™~ is
used only for Joule heat, the ignition delay time is denoted by
77. Similarly, when the total input energy of Ey = 2 mJ cm ™3
is used only to produce excited species and radicals, the igni-
tion delay time is 7g. Therefore, the difference, 74 -7, is due
to the thermal effects; while the difference, 74—7, is due to
the kinetic effects. Figure 10 shows that 74 ~ 7rand 7x =~ Tp
for each initial temperature. For example, we have 74 = 9.27 s,
77 =85s, Tk =25sand 7p = 2.31 s at Ty = 800 K. This
indicates that the ignition enhancement by NSD is mainly due
to the kinetic effects and that the thermal effects are negligible.

The kinetic effects on ignition enhancement mainly attrib-
ute to the generation of radicals from the electronic impact dis-
sociation reactions and quenching reactions of excited species
(see table 2). To demonstrate this fact, the same amount of H
and O radicals produced by a discharge are artificially added
to the discharge processes. The comparison is shown in figure
11. When only the thermal effects are considered, temperat-
ure rise only occurs during the discharge processes. When H
and O radicals are further included, the temperature rise occurs
during both discharge and combustion processes and the tem-
perature is close to the case considering both thermal and kin-
etic effects due to NSD. Therefore, this demonstrates that the
ignition enhancement is mainly due to the radicals, especially
H and O, produced by NSD.

A reaction path flux analysis is conducted to identify the
reactions involved in the production and consumption of H
and O radicals. Figure 12 shows that the electron impact dis-
sociation reaction, H, + e — H + H + e and the quenching
reactions of excited species, N>(A*>) + H, - N, + H+ H
and O('D) + H, — H + OH contribute to 7.5% and 6.7%
of H production, respectively. The chain propagating reac-
tion, H, + OH = H,O + H, and chain branching reaction,
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H, + O = H + OH, respectively contribute 73.3% and 12.5%
of H production. For O radicals, 34.9% are produced by the
electron impact dissociation reactions, O, +e¢ —- O + O + ¢
and O, + e — O + O(1D) + e, with 10.8% produced by
the quenching reactions of excited species, No(AY + 0, —
N, + O + O and O('D) + N — O + N,. The chain branch-
ing reaction, H + O, = O + OH, contributes to 54.3%
of O production. The H and O radicals are mainly con-
sumed through reactions H + O, + M = HO, + M and
O + H, = H + OH, respectively. These two reactions are
exothermic and produce most of the heat during the thermal
runaway.

4. Conclusions

Homogenous ignition in a stoichiometric hydrogen/air mix-
ture with non-equilibrium plasma generated using nanosecond
repetitively pulsed discharge is simulated using code incor-
porating both the plasma kinetics solver ZDPlasKin and the
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combustion kinetics solver CHEMKIN. The code is validated
against recent experimental data reported in the literature. The
effects of NSD characteristics on the ignition enhancement are
examined. It is found that for a fixed input energy per pulse,
the ignition delay time decreases monotonically with the pulse
number and discharge frequency while it first decreases and
then increases with the reduced electric field. Therefore, there
is an optimal reduced electric field for ignition enhancement
using NSD. The ignition delay time is affected by not only
the total input energy but also the input energy per pulse. Fur-
thermore, it is found that the ignition enhancement by NSD
is mainly due to kinetic effects, while thermal effects (Joule
heat) are negligible. The ignition enhancement is mainly due

to the radicals, especially H and O, produced by NSD. Reac-
tion path analysis indicates that more than 14% of hydrogen
radicals and 45% of oxygen radicals are produced by electron
impact reactions and quenching reactions of excited species,
which results in acceleration of the conventional H,-O, chain
branching pathways, H + O, = O + OH, O + H, = H + OH
and HO; + H = OH + OH, and thereby promotes the ignition.
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