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Abstract 

This work numerically investigates the effects of non-equilibrium nanosecond plasma discharge pulse rep- 
etition frequency, pulse number, and flow velocity on the critical ignition volume, minimum ignition energy, 
and chemistry in a plasma-assisted H 2 /air flow at 300 K and 1 atm using a multi-scale adaptive reduced chem- 
istry solver for plasma assisted combustion (MARCS-PAC). The interactions between discharges/ignition 
kernels spanning decoupled, partially-coupled and fully-coupled regimes in a pulse train are studied. For 
a single pulse discharge, increased flow velocity increases the minimum ignition energy required due to the 
increase of convective heat loss and flame stretch. The results show that the minimum ignition kernel prop- 
agation speed at the critical ignition kernel volume increases with the flow velocity. The minimum critical 
ignition volume decreases with the increase of plasma discharge energy. For sequential two-pulse discharges, 
ignition fails at both decoupled and partially-coupled regimes even when the total discharge energy is above 
the minimum ignition energy, but succeeds only in the fully-coupled regime at a shorter inter-pulse time. 
Overlap of the OH radical pool between the sequential two-pulse discharges and the increase of the chem- 
istry effect due to the increase of reduced electric field in the fully-coupled regime contribute to the ignition 
enhancement. In addition, for two-pulse discharges in the fully-coupled discharge regime, the mixture can 
be ignited at a total energy below the minimum ignition energy of a single pulse with the same flow con- 
ditions. Moreover, for a given total discharge energy with multiple pulsed discharges, the enhancement of 
the ignition kernel volume has a non-monotonic dependence on discharge frequency and pulse number. The 
effective ignition enhancement can be achieved with an optimal pulse repetition frequency and pulse number. 
This work provides a new understanding of the mechanism for repetitive plasma ignition and insights for the 
optimization of plasma ignition in a reactive flow. 
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Efficient ignition and flame propagation in re-
ctive flows are critical in internal combustion
ngines, gas turbines and high-speed propulsion
1–5] . The competition between the heat release
nd radical production in the ignition kernel and
he convective heat loss and radical quenching
6] due to fluid motion determines the ignition
robability. Recently, the application of nanosec-
nd pulsed high frequency discharge (NPHFD)
n reactive flows [7–13] has drawn great attention.
he NPHFD can generate a high reduced electric
eld E / N (where E is the electric field and N is the
as number density) to enhance the chemistry ef-
ect on ignition. For example, volumetric produc-
ion of chemically active species, such as electroni-
ally excited species, radicals, ions and electrons as
ell as gas heating at high E / N by non-equilibrium
xcitation effects of plasma significantly enhances
gnition [1 , 2 , 14 , 15] . Meanwhile, the nanosecond
ischarge at different pulse repetition frequencies
PRFs) allows for the control of energy deposition
t the timescales from nanoseconds to milliseconds
ith various inter-pulse times (IPTs) [7] . These ad-
antages of NPHFD significantly enhance ignition
nd flame propagation in reactive flows. 
The experiments of Opacich et al. [8] showed

hat a larger kernel radius can be produced by
he NPHFD compared with the conventional
park discharges with the same energy deposition
n CH 4 /air mixtures. Experiments conducted by
efkowitz et al. [9 , 10] showed that the NPHFD
RF affected the ignition probability and mini-
um ignition power. In their work, three regimes
s “decoupled,” “partially-coupled” and “fully-
oupled” of “inter-pulse coupling” were used to
lassify the discharge event and subsequent kernel
nteractions with different ignition probability. The
ubsequent pulses can overlap with the previous
ne within an IPT window. For lower PRFs, de-
oupled ignition kernels are formed and developed
or each pulse due to convective motion. This is
ermed the decoupled regime. At the highest PRFs,
ull coupling between ignition kernels and a syn-
rgy between discharges and ignition kernels with
igher E / N occur in the inter-electrode gap and
roduce significantly elevated temperatures greater
han a single pulse discharge. The elevated tem-
eratures can persist in the kernel and increase ig-
ition probability as well as produce more rapid
ernel growth. This is termed the fully-coupled
egime. In the transition between these two dis-
inct regimes, there are varying levels of spatial
verlap between discharges/kernels. This is termed
he partially-coupled regime. The results showed
hat the ignition probability was the highest in the
ully-coupled regime with short IPT. The partially-
oupled and decoupled regimes at longer IPTs had
ower ignition probability. Adams et al. [16] studied
Please cite this article as: X. Mao, H. Zhong, Z. Wang et al., Ef
frequency discharge ignition in a flowing mixture, Proceedings
proci.2022.06.018 
the effects of inter-pulse coupling on gas tempera-
ture in NPHFD via spectroscopy of the N 2 (C → B)
emission. The results showed that the discharges
within the burst were thermally coupled at frequen-
cies above 10 kHz, and temperatures in excess of 
7000 K were possible with pulse coupling at high
PRFs. Lefkowitz et al. [7] measured the OH con-
centration in NPHFD by planar laser-induced flu-
orescence (PLIF). They found that the higher PRF
accelerated OH accumulation in the inter-electrode
region. The discharge pulses overlapping with the
developing ignition kernel are directly correlated
with high ignition probability. 

The above experiments showed that the ignition
enhancement was the most efficient in the fully-
coupled regime due to the strongest inter-pulse
chemistry coupling effects. However, how nanosec-
ond discharges affect the ignition enhancement in
different regimes of inter-pulse coupling is still not
clear. It is also uncertain whether there exists an op-
timal ignition enhancement by the PRF and num-
ber of pulses in a reactive flow. The experiments of 
Lovascio et al. [17] showed that the ignition time
was minimized for a certain PRF corresponding
to the largest synergy between pulses in quiescent
lean propane/air mixtures. Their results showed the
mean rate of energy deposition was a key defining
parameter to optimize ignition enhancement. Sim-
ilar results of the high non-monotonic dependence
of ignition probability versus PRF were also ob-
served by Shy et al. [18] and Nguyen et al. [19] ex-
perimentally. Wang et al. [20] conducted 1D sim-
ulations to study the forced ignition process us-
ing non-equilibrium plasma generated by NPHFD
in a quiescent environment. The results showed
the ignition process was strongly affected by the
characteristics of nanosecond pulsed discharge, in-
cluding pulse number, discharge frequency and to-
tal input energy. Since flow significantly modifies
the ignition kernel development, flame stretch, heat
loss, and radical quenching, it is necessary to un-
derstand the inter-pulse coupling effects on igni-
tion enhancement for flowing mixtures. However,
such modeling is very challenging because it re-
quires resolving chemistry and transport in both
temporal (ns-ms) and spatial ( μm-cm) scales. Re-
cently, a new two-dimensional multi-scale adaptive
reduced chemistry solver for plasma assisted com-
bustion (MARCS-PAC) was developed and vali-
dated [21 , 22] . The model integrates the experimen-
tally validated 2D plasma solver PASSKEy (PAr-
allel Streamer Solver with KinEtics) [23–25] and
the Adaptive Simulation of Unsteady Reactive
Flow solver ASURF + [26–28] . This solver pro-
vides a validated computational platform for mod-
eling plasma-assisted reactive flows and offers great
opportunities to study the inter-pulse coupling ef-
fects. 

The objective of this work is to numerically
study the effects of inter-pulse coupling during a
fects of inter-pulse coupling on nanosecond pulsed high 
 of the Combustion Institute, https://doi.org/10.1016/j. 
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Fig. 1. 2D computational domain, geometry and mesh 
distribution. 
repetitive nanosecond pulsed high frequency dis-
charge ignition in reactive flows. The modeling is
conducted by the 2D MARCS-PAC solver. Firstly,
the effects of flow velocity on the minimum dis-
charge energy and ignition kernel propagation with
a single discharge pulse are studied. Then, the
synergistic effects of discharges on ignition kernel
development and propagation using two sequen-
tial pulsed discharges in the decoupled, partially-
coupled and fully-coupled regimes are investigated,
respectively. The interactions between the plasma
discharge and ignition kernel formation are dis-
cussed. Finally, the effects of pulse repetition fre-
quency and pulse number with a fixed total dis-
charge energy on ignition enhancement are stud-
ied. The optimal characteristics of NPHFD are dis-
cussed. 

2. Numerical methods 

The numerical modeling is conducted by the
two-dimensional multi-scale adaptive reduced
chemistry solver for plasma assisted combustion
(MARCS-PAC) recently developed at Princeton
University [21 , 22] . The drift-diffusion-reaction
equations for plasma species, Helmholtz equations
for photoionization, Poisson equation for electric
field, energy conservation equation for plasma dis-
charge and unsteady, multi-component, reactive,
compressible Navier-Stokes (N-S) equations are
coupled by time splitting solution methods. The
governing equations and numerical schemes were
described in detail in [21 , 22] . 

In this work, all the simulations are conducted
in a fuel rich H 2 /air (0.627 H 2 /0.078 O 2 /0.295 N 2 )
mixture with an equivalence ratio of ϕ = 4.0 (the
Lewis number Le is ∼ 2.2 [26] ) at 300 K and at-
mospheric pressure. To observe the impact of ig-
nition energy on the flame kernel propagation, a
hydrogen fuel-rich mixture whose Lewis number
is greater than one with smaller kinetic mecha-
nism is chosen to mimic the fuel-lean conditions
of large hydrocarbon fuels, which also have a mix-
ture Lewis number greater than one. To initiate the
discharge, a uniform pre-ionized H 2 /O 2 /N 2 mix-
ture with a low initial electron number density of 
10 4 cm 

−3 is used in the simulation [29] . The initial
ion densities are given based on quasi-neutrality.
A trapezoidal waveform voltage with a peak value
of 9000 V and a rise time of 2 ns was applied
to the electrodes according to the experimental
conditions of Lefkowitz et al. [9] . For compar-
ing the efficiency of NPHFD on ignition, it is as-
sumed the deposited energy in each pulse is con-
stant. The discharge duration of each pulse is ad-
justed by holding a constant deposited energy in
the plasma for all simulations. The plasma assisted
H 2 /O 2 /N 2 combustion kinetic model from our pre-
vious work [22] is used. The model consists of a
plasma sub-model and a combustion sub-model.
Please cite this article as: X. Mao, H. Zhong, Z. Wang et al., Ef
frequency discharge ignition in a flowing mixture, Proceedings
proci.2022.06.018 
The plasma sub-model incorporates the reactions 
involving electronically excited species O 2 ( a 1 �g ) , 
O 2 ( b 1 �+ 

g ) , O( 1 D), N 2 (A), N 2 (B), N 2 (a ′ ), N 2 (C), 
N( 2 D); ions H 2 

+ , O 2 
+ , N 2 

+ , N 4 
+ , O 

−, O 2 
− and 

electrons. The vibrationally excited species are con- 
sumed by vibrational-translational (VT) relaxation 
reactions and provide gas heating to the mixture 
[2] . The rate constants of electron impact reactions, 
the mean electron energy and the transport param- 
eters for electrons are pre-calculated by BOLSIG + 

[30] . The cross-section data of electron impact re- 
actions are obtained from the online database LX- 
cat [31] . The reaction cross-sections of H 2 and N 2 
are obtained from the Phelps database [32] , and 
the cross-section data of O 2 are taken from the 
Biagi database [33] . The ionization cross-sections 
of H 2 are obtained from the IST-Lisbon database 
[34] which provides more detailed data at different 
electron energies. The electron temperature in the 
plasma discharge is obtained by solving the Boltz- 
mann equations with the local field approximation 
[35] . A detailed H 2 /O 2 /N 2 combustion mechanism 

from HP-Mech [36] with NO x formation [37 , 38] 
and O 3 sub-mechanisms [39] was used in the com- 
bustion sub-model. 

Fig. 1 shows the 2D computational domain, 
geometry and mesh distribution. Axisymmetric 
needle-to-ring electrodes were used in this study. 
Note that plasma discharge between the ring and 
the needle will not be exactly uniform, but for 
simplification was assumed to be uniform for this 
fects of inter-pulse coupling on nanosecond pulsed high 
 of the Combustion Institute, https://doi.org/10.1016/j. 
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Fig. 2. Minimum ignition energy (MIE) at different ve- 
locities with a single nanosecond discharge pulse. 
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Fig. 3. Ignition kernel propagation speed S i as a function 
of ignition kernel volume at different flow velocities with 
minimum ignition energy. The circle in each case indicates 
the critical ignition kernel volume. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

arametric study. To reduce the complexity of 3D
lasma modeling and focusing on the kinetic effect
f plasma discharge on ignition, we assume that
he plasma discharge is also axisymmetric. The R -
xis indicates the direction of electrode radius and
he Z -axis indicates the direction of needle elec-
rode length and gas flow of the cylindrical coor-
inates. The length of needle electrode in the com-
utational domain is 3.8 mm. The gap size between
eedle and ring electrodes is 1.5 mm. The ring elec-
rode is placed at the position of 0.3 mm below
ne end of the needle electrode to prevent the ex-
remely high electric field generated near the sharp
lectrode edges. The radius of the needle and ring
lectrodes is set as 60 μm and 40 μm, respectively,
o reduce the flow recirculation near the electrodes.
o reduce the computational cost, a fine and uni-
orm orthogonal mesh (20 μm × 20 μm) is used in
he plasma discharge region, and the largest mesh
ize is 50 μm × 50 μm in the outer region. The
igh voltage is applied to the ring electrode and
he needle electrode is connected to the ground.
he time step is determined by the shortest charac-
eristic timescale of the drift dynamics of charged
pecies, plasma kinetics, combustion kinetics and
uid dynamics for all grids. 

. Results and discussion 

.1. Effects of flow velocity on the minimum 

gnition energy and volume for a single pulse 
ischarge 

Fig. 2 shows the dependence of the minimum ig-
ition energy (MIE) on the flow velocities ( v = 0, 5,
0, 20, 30 and 40 m/s). At each flow velocity condi-
ion, the ignition and the flame propagation are cal-
ulated by varying the simulated discharge energy
ith an interval of 0.005 mJ. The MIE at differ-
Please cite this article as: X. Mao, H. Zhong, Z. Wang et al., Ef
frequency discharge ignition in a flowing mixture, Proceedings
proci.2022.06.018 
ent velocities in Fig. 2 is obtained at the minimum
discharge energy for successful ignition and flame
propagation. The results show that the MIE in-
creases monotonically with the flow velocity [6 , 40] .

To study the effects of flow velocity on ignition
kernel propagation, the average propagation speed
( S i ) of the ignition kernel as a function of the ker-
nel volume is calculated. The ignition kernel vol-
ume is defined as the integration of the volume with
temperature over 1000 K. The S i is calculated by
S i = ˙ m / (Aρi ) , where 

·
m is the mass consumption

rate of H 2 , A is the cross section of the ignition
kernel with temperature above 1000 K, and ρi is
the mass density of burned gas at 1000 K. Fig. 3
shows the ignition kernel propagation speed as a
function of the kernel volume at the MIE by a sin-
gle pulse at different flow velocities ( v = 0–20 m/s).
The results show that S i first increases significantly
at a small ignition kernel volume generated by the
nanosecond plasma discharge. Then, the ignition
kernel propagation speed decreases as the flame
propagates outwardly and reaches the minimum
at the critical kernel volume. The flame propaga-
tion speed will increase and ignition is successfully
achieved after the ignition kernel passes the criti-
cal volume [41 , 42] . Fig. 3 shows that for success-
ful ignition, with the increase of flow velocity the
propagation speed S i increases at the critical igni-
tion kernel. This is because at a higher flow veloc-
ity both the flame stretch ( Le > 1) and convective
heat loss increase. As a result, a larger discharge
energy is required for successful ignition at higher
flow velocities [6 , 40] . It is interesting to note that
different from the conclusion of the MIE obtained
in a quiescent mixture which is proportionally de-
pendent on the critical ignition radius [41] , in reac-
tive flows the critical ignition volume can decrease
fects of inter-pulse coupling on nanosecond pulsed high 
 of the Combustion Institute, https://doi.org/10.1016/j. 
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Fig. 4. Time evolutions of mole fractions of OH (left) 
and temperature (right) in 20 m/s flowing H 2 /air mix- 
tures at various pulse repetition frequency (PRF)/inter- 
pulse time (IPT) conditions with 2 pulses, respectively, at 
decoupled (8 kHz), partially-coupled (15 kHz) and fully- 
coupled (18–50 kHz) regimes. The yellow arrow indicates 
the location of ring electrode. The vertical white region at 
the bottom indicates the needle electrode. 

 

 

 

 

 

 

 

 

 

with the increase of the MIE as the flow velocity is
increased. 

3.2. Effects of inter-pulse time on ignition kernel 
development for two sequential discharges 

To study the discharge synergistic effects of 
inter-pulse coupling on ignition, two sequential
pulses with the same discharge energy but differ-
ent IPTs with a flow velocity of 20 m/s are exam-
ined. The discharge energy in each pulse is set as
Q = 0.6 mJ, which is below the MIE of 0.82 mJ.
Fig. 4 shows the time evolutions of mole fractions
of OH (left) and temperature (right) at PRF = 8,
15, 18 and 50 kHz. Images in the first row show the
Please cite this article as: X. Mao, H. Zhong, Z. Wang et al., Ef
frequency discharge ignition in a flowing mixture, Proceedings
proci.2022.06.018 
OH distribution and temperature profiles immedi- 
ately after the second pulse with the IPT of 125, 
66.7, 55.6 and 20 μs, respectively. At 8 kHz, the first 
ignition kernel moves downstream far enough due 
to flow motion before the second discharge pulse. 
The fresh gas mixture flows to the discharge gap 
and another ignition kernel is generated. Two in- 
dependent ignition kernels are generated at t = 150 
μs and propagate separately. This case is in the de- 
coupled regime of inter-pulse coupling. The results 
show that both ignition kernels quench at t = 500 
μs due to cooling and dissipation. At 15 kHz, the 
results of OH concentration at t = 66.7 μs show 

that a part of the discharge volume generated at 
the second pulse overlaps with the previous ignition 
kernel. This condition is in the partially-coupled 
regime. The ignition kernels generated in the two 
pulses merge partially and form a larger ignition 
kernel at t = 150 μs. However, the ignition kernel is 
smaller than the critical ignition volume and thus 
quenches with flow motion even though the total 
discharge energy is greater than the MIE. Two rea- 
sons cause this: first, the relatively long IPT of 66.7 
μs leads to heat loss and radical quenching during 
the inter-pulse period. Second, the pressure wave 
generated by the following ignition kernel increases 
the flow velocity due to expansion, leading to more 
convective heat loss before the two ignition kernels 
merge. Therefore, the merged ignition kernel fails to 
reach the critical ignition volume for flame propa- 
gation. When PRF ≥ 18 kHz, the second pulse is 
coupled fully with the first ignition kernel. These 
cases are in the fully-coupled regime. The success- 
ful ignition and flame propagation occur both at 18 
and 50 kHz. The results show that the larger igni- 
tion kernel is formed with shorter IPT. In summary, 
the discharge pulse must overlap with the develop- 
ing ignition kernel in the inter-electrode region to 
achieve effective ignition. 

To further compare the interactions between 
plasma discharge and ignition kernel in differ- 
ent regimes, the mole fractions of OH in the 
electrode gap immediately after the second dis- 
charge are shown in Fig. 5 . The results show 

that the OH concentration significantly increases 
at 50 kHz due to the overlap of the second pulse 
with the first ignition kernel. This leads to pump- 
ing of radicals with the second pulse and faster 
OH accumulation and therefore a larger igni- 
tion kernel at a high PRF. At 8 kHz, the PRF 

is too low to accumulate OH. As the ignition 
kernel generated in the discharge volume also af- 
fects the following discharge characteristics, the 
E / N values after the second pulse breakdown are 
shown in Fig. 5 . At 8 kHz, Fig. 5 (a) shows that 
the E / N distribution is uniform in the discharge 
gap. This is because a fresh gas mixture flows to 
the electrode gap in each pulse with a long IPT of 
125 μs, and E / N distribution remains unchanged. 
However, the E / N values significantly increase at 
the second pulse of 50 kHz when the plasma dis- 
fects of inter-pulse coupling on nanosecond pulsed high 
 of the Combustion Institute, https://doi.org/10.1016/j. 
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Fig. 5. Mole fractions of OH (left) and E / N values (right) 
in the electrode gap after the second pulse breakdown at 
(a) 8 and (b) 50 kHz (1 Td = 10 −17 V cm 

2 ). The yellow 

arrow indicates the location of ring electrode. The vertical 
white region at the bottom indicates the needle electrode. 
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Fig. 6. Ignition kernel propagation speed S i as a function 
of ignition kernel volume in 20 m/s flowing H 2 /air mix- 
tures at PRF = 16.5, 17, and 18 kHz with 2 pulses. The 
circle in each case indicates the critical ignition kernel vol- 
ume, which was only achieved at 18 kHz. 

Fig. 7. Time evolutions of ignition kernel volume in 
20 m/s flowing H 2 /air mixtures at different PRFs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

harge overlaps with the ignition kernel, as shown
n Fig. 5 (b). The flame kernel generated by the pre-
ious pulse is still in the electrode gap with the IPT
f 20 μs. This increases the discharge temperature
 T ↑ ) and reduces the gas number density ( N ↓ ) in
he second pulse. Therefore, the E / N in the dis-
harge gap is enhanced correspondingly and the
ischarge transitions to a constricted type [43 , 44] .
he increase of E / N further promotes the produc-
ion of electrons as well as the concentrations of 
xcited species and radicals. The inter-pulse cou-
ling effects at high frequencies in the fully-coupled
egime show a positive feedback on the enhance-
ent of both plasma discharge and ignition kernel
evelopment. To summarize, the residence time of 
gnition kernel volume in the electrode gap is crit-
cal for successful ignition when the discharge en-
rgy in each pulse is lower than the MIE. 
Fig. 6 shows S i as the function of ignition ker-

el volume at PRF = 16.5, 17, and 18 kHz with two
equential pulses ( n = 2). The frequencies at 16.5
nd 17 kHz are in the partially-coupled regime and
8 kHz the fully-coupled regime. The results show
hat S i increases with PRF. At 18 kHz, the ignition
ernel continues expanding after reaching its criti-
al volume and a self-sustained propagating flame
s successfully initiated in the flow (shown in Fig. 4 ).
owever, at the conditions of 16.5 and 17 kHz,
he ignition kernel fails to reach the critical igni-
ion kernel volume. This again demonstrates that
ritical ignition volume is an important parameter
or ignition kernel development and flame propa-
Please cite this article as: X. Mao, H. Zhong, Z. Wang et al., Ef
frequency discharge ignition in a flowing mixture, Proceedings
proci.2022.06.018 
gation. For ignition enhancement by NPHFD, it is
more effective for the fully-coupled regime than the
partially-coupled regime. 

From the discussion above, we conclude the
NPHFD significantly enhances ignition in the
fully-coupled regime at high frequencies when the
discharge overlaps with the ignition kernel effec-
tively. However, the total discharge energy used is
Q total = 1.2 mJ which is above the MIE of 0.82 mJ
at v = 20 m/s. The mixture can still be ignited by a
single pulse with 1.2 mJ at the same flow velocity.
To understand whether repetitive discharge pulses
can ignite a mixture with a total discharge energy
below the MIE of a single pulse, the calculations of 
sequential two repetitive discharges are conducted
by using a total discharge energy of 0.75 mJ. Fig. 7
fects of inter-pulse coupling on nanosecond pulsed high 
 of the Combustion Institute, https://doi.org/10.1016/j. 
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Fig. 8. Time evolutions of ignition kernel volume in 
20 m/s flowing H 2 /air mixtures with different pulse num- 
bers at PRF = 200 kHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

shows the time evolutions of ignition kernel volume
in 20 m/s flowing H 2 /air mixtures at different PRFs.
PRFs greater than 50 kHz are in the fully-coupled
regime. The pulse number is n = 2 and the energy
of each pulse is Q = 0.375 mJ. The results show that
the ignition kernel is quenched with a single pulse.
For two pulses, the ignition kernel volume contin-
ues increasing with frequency and reaches maxi-
mum at 1 MHz. For PRF = 2 MHz, the ignition
kernel volume decreases. Note that the IPT (0.5 μs)
at this condition is less that the relaxation time of 
pressure wave from a single discharge ( ∼ 1 μs). The
gas number density ( N ) in the flame kernel is not
reduced due to the increase of pressure and E / N
values at the second pulse are not effectively pro-
moted. When the PRF is greater than 2 MHz, the
ignition efficiency decreases. It can be concluded
that there exists an optimal discharge frequency
for two pulses which can further reduce the mini-
mum ignition energy than that in the single pulse
case. 

3.3. Effects of pulse number on ignition kernel 
development at a given discharge frequency and 
total energy 

The effects of pulse number n are also studied
by varying it between 1 and 10 at PRF = 200 kHz
in the fully-coupled regime. The total discharge en-
ergy is maintained as Q total = 0.75 mJ. The en-
ergy is split evenly into each pulse. Fig. 8 shows
the time evolutions of ignition kernel volume in
20 m/s flowing H 2 /air mixtures with different n . The
results show that the H 2 /air mixture is ignited by
splitting the single pulse energy evenly to multiple
pulses with the same total discharge energy. There
is a non-monotonic dependence of ignition kernel
volume on n . At first, the ignition kernel volume
increases with n . The maximum ignition enhance-
ment is achieved at n = 3. Further increase of n
Please cite this article as: X. Mao, H. Zhong, Z. Wang et al., Ef
frequency discharge ignition in a flowing mixture, Proceedings
proci.2022.06.018 
decreases the ignition kernel volume. From the dis- 
cussion in Section 3.2 , the ignition enhancement by 
multiple pulses is determined by the positive feed- 
back of plasma discharge and ignition kernel de- 
velopment. However, the increase of pulse num- 
ber also decreases the discharge energy deposited in 
each pulse for a fixed total energy. The ignition ker- 
nel volume significantly decreases at n = 10 due to 
the low discharge energy of 0.075 mJ in each pulse. 
There exists an optimal pulse number at which the 
energy deposition is most effective for ignition ker- 
nel development. This indicates optimal ignition by 
NPHFD is governed by the discharge power (PRF 

and energy per pulse) and total duration of a pulse 
train. 

4. Conclusions 

The effects of pulse repetition frequency (PRF), 
pulse number ( n ) and flow velocity on the critical 
ignition volume, minimum ignition energy (MIE) 
and plasma chemistry in non-equilibrium nanosec- 
ond pulsed high frequency discharge (NPHFD) ig- 
nition are numerically studied in a H 2 /air mixture. 
The modeling is conducted by a multi-scale adap- 
tive reduced chemistry solver for plasma assisted 
combustion (MARCS-PAC). For a single pulse dis- 
charge, the results show that the MIE increases with 
flow velocity because both the flame stretch and 
convective heat loss increase. The critical ignition 
volume in reactive flows decreases with the increase 
of MIE as the flow velocity is increased. The re- 
sults show that the minimum ignition kernel prop- 
agation speed at the critical volume increases with 
flow velocity. The results by sequential two-pulse 
discharges show that the ignition kernel transits 
from the decoupled regime to partially-coupled and 
fully-coupled regimes by increasing PRF (reduc- 
ing the inter-pulse time (IPT)). The successful ig- 
nition is achieved at the fully-coupled regime while 
the ignition kernel quenches both in decoupled and 
partially-coupled regimes even when the total de- 
posited energy is higher than the MIE of a sin- 
gle pulse discharge. It is shown that the ignition 
enhancement in the fully-coupled regime is con- 
tributed by both the overlap of OH radical pool 
and the increase of chemistry effect due to the in- 
crease of reduced electric field. The mixture can be 
ignited in the fully-coupled regime by the sequen- 
tial two-pulse discharge even when the total energy 
is lower than the MIE of a single pulse with the 
same flow velocity. For the discharge at given a PRF 

and n with the same total energy, it is found that 
there is a non-monotonic dependence of ignition 
kernel volume on PRF and n . There exists an opti- 
mal PRF and n to achieve the most effective igni- 
tion enhancement, indicating that optimal ignition 
by NPHFD is governed by discharge power (PRF 

and energy per pulse) and total duration of a pulse 
train. 
fects of inter-pulse coupling on nanosecond pulsed high 
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