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Plasma-assisted combustion is an interesting method to promote the ignition of a lean reactive mixture instead
of conventional spark plugs. Especially, Nanosecond Repetitively Pulsed (NRP) discharges technique is an
energy-efficient way to initiate and control combustion processes. Ignition success or failure results from
the competition between the discharge energy accumulation, the gas residence time in the discharge region,
and the combustion chemistry. Plasma-assisted ignition is modeled here by a Perfectly-Stirred Reactor (PSR)
whose volume represents the one surrounding the interelectrode region. NRP discharges are applied inside the
reactor to initiate the combustion of the injected mixture. This model numerically identifies a plasma-assisted
ignition efficiency map in terms of the amount of energy per pulse and the pulse repetition frequency, at
low CPU cost. A criterion based on the residence time, interpulse time, and chemical time is introduced to
predict the successful formation of a reactive kernel. This criterion is successfully validated by analyzing the
plasma-assisted PSR solutions.

1. Introduction

Plasma-assisted combustion is an interesting method to promote
the ignition of a lean reactive mixture instead of conventional spark
plugs [1]. Among all investigated plasma-assisted technologies [1,2],
Nanosecond Repetitively Pulsed (NRP) discharges techniques have been
shown [3-9] to be a very energy-efficient way to initiate and control
combustion processes. By applying a series of repetitive discharges,
NRP discharges locally increase the gas temperature and generate
active species [10]. In typical conditions, around 35% of molecular
oxygen is dissociated to O radicals by the plasma discharge in the
interelectrode region [10,11]. This high concentration of O radical
positively affects the ignition phenomena [6], explaining the high
efficiency of NRP discharges.

Mechanisms of plasma-assisted ignition by NRP discharges have
been extensively investigated by Lefkowitz et al. [12-14] in a flow
tunnel experimental device. Different pulses interactions mechanisms
leading to ignition success or failure have been identified depending
on the operating conditions.

The analysis of these experimental data and the conclusions ob-
tained from the simulations of plasma-assisted ignition [15,16] suggest
that ignition success or failure results from a competition between the
time scales of pulse repetition, flow mixing and combustion chem-
istry. Indeed, from one side, by locally increasing the gas temperature
and producing active radicals, NRP discharges enhance the chemical

* Corresponding author.
E-mail address: benoit.fiorina@centralesupelec.fr (B. Fiorina).

https://doi.org/10.1016/j.jaecs.2023.100166

activities. The repetitive nature of the pulse will promote the local
accumulation of thermal and chemical effects. On the other side, the
flow dynamics will limit the residence time of the reactive mixture in
the interelectrode region, where the pulses accumulate. The ignition
naturally fails when the residence time becomes smaller than the time
needed for combustion. A way to enhance the NRP efficiency is to
increase the amount of deposited energy per pulse. As the temperature
increases and the amount of O, dissociated into O are linked to the de-
posited energy, the chemistry will be faster. An alternative is to enhance
the accumulation effect by increasing the pulse repetition frequency.
Recent numerical simulations of a reactive kernel formation by NRP
discharges [16] show that Large Eddy Simulations (LES) capture well
the complex interactions between plasma, combustion, and turbulence.
However, as the CPU cost is very high, this approach is not feasible to
conduct parametric studies.

The present work aims to provide low CPU cost modeling tools
for engineers in charge of designing future plasma-assisted combustion
chambers. Two complementary approaches are developed in this work.
The first one is a theoretical analysis based on dimensionless numbers.
The second one employs a series of 0-D Perfectly-Stirred Reactor (PSR)
computations filling the gaps of the theoretical analysis.

The paper is organized as follows. The simplified theory of ignition
by NRP discharges is presented in Section 2, while a low-order model
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based on PSR is introduced in Section 3. The numerical set-up is given
in Section 4, while the results are analyzed in Section 5. In particular,
the impacts of both pulse energy and pulse repetition frequency on
ignition efficiency are discussed. This study leads to the identification
of a plasma-assisted ignition efficiency map in terms of the amount of
energy per pulse and the pulse repetition frequency for a wide range of
residence time across the interelectrode volume.

2. Simplified theory of ignition by NRP discharges

NRP discharges are characterized by high voltage pulses (5 to 20
kV) that last a few nanoseconds and are repeated at frequencies of the
order of some tens of kHz. In this work, the studied plasma is in the
non-thermal spark discharge regime is considered, which corresponds
to an energy deposition at each pulse of the order of 1 mJ [17,18].
In this regime, the plasma causes a simultaneous ultra-fast increase of
gas temperature and O, dissociation into O radical. It is then followed
by a slower gas heating process, which results from the relaxation
of nitrogen vibrational states. The time evolution of the hot kernel
morphology computed by a Direct Numerical Simulation (DNS) [15]
is shown in Fig. 1 for pulse repetition frequency f, = 5 kHz and energy
deposited per pulse £, = 1.5 mJ. The shape of the kernel, initially
cylindrical, is deformed by a toroidal recirculating zone resulting from
the expansion of the hot gases.

As the energy deposited per pulse is limited, a series of pulses
is generally required to ignite the reactive mixture [12,16]. Ignition
success or failure will therefore result from a competition between the
two following phenomena:

+ A cumulative energy deposition in the interelectrode region,
which promotes ignition. The amount of deposited energy is
controlled by the pulse repetition frequency f, and the energy
per pulse E,.

The evacuation of the hot gases outside the interelectrode region
and the fresh gases renewal by the toroidal recirculating zone.
This phenomenon is characterized by the residence time of the gas
between the two electrodes. Following [16], this residence time
can be approximated by 7., ~ d,/uy,,, where d, is the diameter
of the discharge channel and u/,,,, is the local flow velocity of the
recirculating zone.

According to basic combustion theory [19,20], ignition will occur in
the interelectrode region if the flow residence time z,,, is larger than the
chemical reactions characteristic time scale z_,,,, i.e., if the Damkohler
number Da = 7,,,/7 ., Satisfies:

Da> | (€9)

Although this condition is necessary, it may not be sufficient for
plasma-assisted ignition, as it does not account for the successive inter-
action of pulses, required to accumulate a level of energy sufficient to
activate combustion kinetics [5,12]. Such cumulative effect is possible

t=0.3pus

t=280ups
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only if the residence time z,,, is larger than the interpulse time, defined
as 7, =1/f, ie.

Tres > Ty @)

Dividing each term of Eq. (2) by 7., and introducing A = 7,,/7.jen
leads to the following condition:

Da> A 3

Therefore, ignition by NRP discharges is a priori possible only if
conditions (2) and (3) are satisfied, i.e.

Da > max (1, A) ()]

This coarse analysis has obvious flaws. Indeed, it reduces detailed
chemistry phenomena to only one chemical characteristic time. In
addition, for a given amount of discharge energy per pulse, it does
not provide the number of pulses required to ignite. Finally, for a
given value of the pulse repetition frequency, it does not indicate the
minimum energy per pulse needed for ignition. To overcome these
limitations, a model based on detailed chemistry computation of 0-D
reactor configurations is introduced in the next section.

3. Low-order modeling of ignition by NRP discharges
3.1. Perfectly-stirred reactor model for plasma-assisted ignition

The present low-order model considers the volume surrounding
the interelectrode region, illustrated in Fig. 2a, where the competition
between plasma kinetics, combustion chemistry, and turbulent mixing
occurs. The flow dynamic governs the amount of fresh gases flowing
into the reactor, the rate of exhaust burnt gases, and the residence
time z,,, of the gases inside this control volume. Interactions between
mixing phenomena and plasma and combustion chemistry are modeled
by considering a Perfectly-Stirred Reactor (PSR) as in [16], which is
illustrated in Fig. 2b.

The time evolution of species mass fractions Y} and specific mixture
enthalpy s within the control volume is described by the classical
conservation equations, Egs. (5) and (6), governing the PSR to which
sources related to plasma are added. These equations are completed
by the conservation equation Eq. (7) for the vibrational energy e,
introduced by plasma to the PSR in order to consider vibrational-
translational relaxation.

dy, Wit  Wiat
S A M )
dt Tres P p
N N P P P
dh 1 v 0,0 Y Echem Ehear RVT
— = Y h — Yoh |+ —+ —+ — (6)
At Ty Z{ Tk Z{ P) ) )
de. ] o 5D
vib - (egib _ euib) + vib VT (7)

dt 1 p )

where the superscript 0 denotes fresh gases properties flowing in the
PSR. In these equations 7,,, is the residence time, and p the gas density.

t =200 ps

Fig. 1. Time evolution of the hot kernel morphology for f, = 5 kHz and E, = 1.5 mJ.

Source: Extracted from DNS of [15].



S.QE. Wang et al.

(a)

Fig. 2. (a) Flow recirculating in the discharge channel after
Source: Extracted and reproduced from [15,16].

h,, is the specific enthalpy of the kth species comprising a sensible and a
chemical part: i, = hy,+4h' . The rates ] and ", are the combustion
and plasma chemistry source terms, respectively. The chemical and
thermal rates of energy, them and Eiem, correspond to ult}'a—fast 0,
dissociation and gas heating due to plasma, respectively. E;’ib is the
vibrational rate of energy contributing to the vibrational excitation of
N, due to plasma. R‘",T is the vibrational-translational relaxation. All
source terms related to plasma are presented in the next subsection.

3.2. Phenomenological modeling of NRP discharge

NRP spark discharges mainly induce an electronic and vibrational
excitation of nitrogen molecules. The relaxation of nitrogen electronic
states leads to an ultra-fast dissociation of O, molecules into O atoms
and an increase of gas temperature at the nanosecond scale. In contrast,
the relaxation of vibrational states causes a slow gas heating at the
millisecond scale.

These processes are modeled by the semi-empirical strategy pro-
posed by Castela et al. [21]. At each pulse, the discharge deposits a
constant rate of energy EP defined as:

. 5 ift, <t
EP = Vy Tpulse per = “pulse (8

0 otherwise

where V, = Jrr§ L, is the discharge volume (considered as quasi-
cylindrical), r, = d,/2 the discharge radius, L, the discharge length,
Tyuse the duration of a pulse, and #,,, the time relative to the start of a
pulse.

The rate of energy E?, deposited in the reactive mixture within the

time 7,,,,, is split into three contributions:

per

EP=E’ +EP

chem heat

vE, ®

These rates are modeled as the following:

. Y, e .

£ =,,&(1_&>Ep a0
chem Y() e
0, o
Yo %)
2 2 -

=|la—n == 1——> E? 11

heat Ygz < eo
Eyp=(1-a)E? (12)

where YO is the mass fraction of O, in the fresh mixture; ¢, is the
specific mternal energy of species; a is the fraction of pulse energy
that induces the electronic excitation of N, and subsequently the ultra-
fast gas heating and O, dissociation; # is the fraction of pulse energy
involved directly into O, dissociation. Consequently, (¢ —#) is the

Applications in Energy and Combustion Science 15 (2023) 100166

e — — — —

PSR \
Yk' h' €yib I
1/fp» NRPD :E>
Ep
| Y
> / h
Tpulse time €vib

Residence time T,

(b)

a pulse. (b) PSR modeling of plasma-assisted ignition mechanism.

fraction of energy deposited during ultra-fast heating, while (1 —a)
corresponds to the slow heating process.

According to experimental and theoretical characterization of NRP
discharges [10,22], the parameters are here set to a = 55% and n = 35%.
The ability of this NRP discharges model to reproduce the discharge
effects (ultra-fast heating and O, dissociation, and slow heating) has
been validated against measurements in [21].

The plasma chemistry source terms a‘)i are closed as in [21] by:

YO2 Ep

o, 92 13
@g 71Y0 eoWo 13)
0,
W,
P _ O .p
%, = ", 70 a4
a')i:O if k # {0, O,}. (15)

As for the vibrational-translational relaxation R’I',T, that leads to
slow gas heating, is modeled with a Landau-Teller’s harmonic oscilla-
tor [23]:
eq

. e,ip—e . (T)
Rp = v vib 16

vr =P vy (16)
with the equilibrium value of the vibrational energy, at a given gas
temperature T, defined by:

RO /Wx,
exp(0,/T) -1
where R is the universal gas constant, Wy, the molar mass of nitro-
gen molecules and ©; = 3396 K the vibrational temperature corre-
sponding to the first quantum vibrational state of N,. The vibrational-

translational relaxation time 7, ; is computed as in [21] using experi-
mental correlations from Milikan and White [24].

¢ (T) = a7

3.3. Validation of the low-order model

The OD-PSR formulation is validated on a plasma-assisted ignition
configuration investigated by Castela et al. [21]. The reference solution
is given by the DNS of a methane-air mixture submitted to a series of
NRP discharges in a 2-D Homogeneous Isotropic Turbulence (HIT) box.
The mixture equivalence ratio is ¢ = 0.8 and the reactant temperature
and pressure are 7; = 300 K and P, = 1 bar, respectively. The initial
Reynolds number based on the integral scale is Re, = /,u’/v = 395
where the velocity fluctuation is «' = 6 m.s~! and the integral length
scale /, = 6.25 - 10~* m. For the discharge parameters, the diameter is
d, = 0.450 mm, the length L, = 4 mm, the pulse energy E, = 0.7 mJ,
the pulse repetition frequency f, = 10 kHz, and the pulse duration
=50 ns.

Tpul se
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Fig. 3. Comparison of the gas temperature profile between 2D-DNS of Castela et al.
(red lines) and OD-PSR simulations of the present work (black lines), for the same
conditions. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

The residence time of the gases in the plasma channel between
the electrodes is estimated as 7,,, ~ d,/u’ ~ 80 ps. The simula-
tions are performed with the OD solver REGATH developed at EM2C
laboratory [25]. The Lindstedt detailed mechanism for methane-air
combustion, involving 29 species and 141 reactions [26] and used to
obtain the reference DNS [21], is also retained for the 0D simulations.

The temporal evolution of gas temperature predicted by the low-
order model is plotted in Fig. 3 (square black line) after a series of
four pulses. The temperature gradually increases after each pulse until
ignition occurs at about 300 ps. Results of the DNS simulations per-
formed by [21] with the same NRP discharge model are shown by red
lines. To mimic the chaotic nature of the turbulence four distinct DNS
solutions (labeled A, B, C, D) are shown, which differ only by the initial
HIT field. Two events leads to a ignition after 3 pulses while the other
two require 4 pulses. The 0D model reproduces well the solutions from
events A and B, but does not have enough degree of freedom to capture
the other events. Assuming that the different turbulent realizations
can be captured by adding an uncertainty in the residence time, two
supplementary solutions, corresponding to z,,,+50% are added to Fig. 3
(circle and triangle black lines). Interestingly, the solution obtained by
7,05 +50% is now closer to events C and D.

There is therefore a great sensibility to the residence time parameter
in the early stage of plasma-assisted ignition. While difficult to a priori
estimate in practice, it is however a relevant quantity for a parametric
study.

4. Numerical set-up

For all the studied cases, the PSR is initialized and fed by a fresh
methane-air mixture of equivalence ratio ¢ = 0.95 and temperature
T% = 300 K under atmospheric pressure conditions. For each sim-
ulation, the computed physical time reaches 10 ms. The GRI-Mech
3.0 detailed kinetics scheme involving 53 species and 325 reactions
is used for the combustion mechanism of methane-air [27]. Concern-
ing the NRPD model, the discharge diameter and length are fixed at
d, = 1.75 mm and L, = 5 mm, respectively, and the duration of a
pulse is fixed at 7,,;,, = 50 ns [16].

Fig. 4 presents a typical temporal evolution of temperature and
methane mass fraction for a pulse repetition frequency of f, = 20 kHz,

an energy per pulse of £, = 3.5 mJ, and a residence time of 7,,, = 0.5 ms.
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Fig. 4. Typical temporal profiles of (a) temperature and (b) methane mass fraction for
f, =20 kHz, E, = 3.5 mJ, and 7,,, = 0.5 ms. Black profiles are obtained by applying
five discharge pulses and red profiles by four discharge pulses. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

The black profiles are obtained by applying a burst of five discharges,
which is enough to increase the gas temperature to about 1500 K,
where chain-branching reactions take place, ignition occurs, and the
methane entering the reactor is entirely consumed. Then, the temper-
ature passes through a maximum and reaches a steady state at about
10 ms.

If one applies only four discharge pulses (red profiles) for the same
operating conditions, the temperature will not get high enough to
produce enough radicals to ignite the mixture. As the fresh mixture is
permanently injected into the PSR, temperature decreases to the inlet
temperature (7° = 300 K), and methane mass fraction goes up to its
initial value (ng = 0.0525 for ¢ = 0.95). For these conditions, the
ignition delay time, defined as the time needed to consume 99% of CH,,
is 7,5, = 3.1 ms, and the corresponding minimum number of pulses »,
needed to ignite the reactor is five.

A parametric study is now conducted on this 0-D configuration by
varying the amount of deposited energy per pulse E, and the pulse
repetition frequency f,. First, for f, = 20 kHz, ten values of E, between
0.5 and 5 mJ with an increment of 0.5 mJ have been examined. Then,
for E, = 3.5mJ, nine frequencies (f,=1,2, 3.5, 6, 10, 20, 35, 60, and
100 kHz) have been examined.

5. Results and discussions
5.1. Effect of pulse energy E,
In this section, the effect of pulse energy on the ignition process is

investigated for various residence times. The pulse repetition frequency
is kept constant to f, = 20 kHz.
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The minimum number of pulses required to ignite the reactor is first
plotted as a function of the residence time in Fig. 5a for E, = 3.5 mJ.
As expected, the number of pulses increases when 7, decreases. For
7,.s < 0.4 ms, a sharp increase of the number of pulses is observed,
exhibiting a critical residence time limit of ¢/ = 0.08 ms, below which
ignition cannot occur. For 0.4 ms < 7,,, < 5 ms, a plateau is observed
with n, = 5 and then n, decreases to 4 when 7,,; > 5 ms.

Fig. 5b and c present the temporal profiles of temperature for the
four residence times indicated in Fig. 5a. For 7,,, = 0.1 ms (see Fig. 5b),
just above 7%/ = 0.08 ms, n, = 15 pulses are needed to ignite the
flame and the corresponding ignition delay is 7;,, = 0.7 ms. When 7,,,, is
slightly increased to 0.3 ms, the minimum number of pulses drastically
decreases to n, = 6 (and 7;,, = 0.26 ms). For a much higher residence
time of z,,, = 5 ms (see Fig. 5¢), 7;,, = 0.2 ms has the same order of
magnitude as for z,,, = 0.3 ms. When the residence times is changed
from z,,, = 5 ms to 7,,, = 6 ms, the minimum number of pulses needed
for ignition decreases from n, = 5 to n, = 4 and the ignition delay 7;,,
significantly increases to 2.3 ms.

Fig. 6a presents the evolution of the minimum number of pulses n,
needed to ignite the fresh gases for £, = 5.0 mJ and f, = 20 kHz.
An evolution similar to Fig. 5a is observed. However, an extensive
analysis of the time evolution of thermodynamic variables shows the
existence of a region where the ignition occurs but is then followed by
an extinction. Every value of z,,, was checked to identify ignited-extinct
cases from fully ignited ones. This phenomenon is visible in the time
evolution of temperature and methane mass fraction, plotted in Fig. 6b
and c, respectively. For the intermediate value of z,,, = 0.07 ms, even if
the discharges can ignite the gases at about 7 = 0.75 ms, the residence
time is too short and the temperature increase is not sufficient to pro-
duce enough active radicals to maintain the combustion, while at the

same time, fresh gases continuously enter the burner and decrease the
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temperature. An intermediate zone is hence observed where the flow
dynamics and the combustion complex chemistry compete. Indeed, at
about ¢+ = 1.05 ms, the temperature decreases and chemical reactions
stop while fresh gases continue to flow into the burner. Consequently,
the gas temperature reaches that of the fresh mixture and the mass
fraction of CH, reaches its initial value.

The minimum number of pulses 7, is now plotted as a function
of the residence time z,,, for different values of pulse energy E, in
Fig. 7a. A behavior similar to Fig. 5a is observed, whatever the amount
of energy per pulse E, is applied. As expected, the critical residence
time 7¢/7" increases when decreasing E,. Fig. 8a plots the evolution of
n,, in terms of the energy per pulse at two residence times. The number
of pulses needed to ignite decreases when E, increases for both low
(7,.s = 0.1 ms) and high (z,,, = 2 ms) residence times.

The total deposited energy required for ignition, E;”’ =n,E, is
presented in Fig. 7b as a function of the residence time. For residence
times lower than z,,; = 0.4 ms, the total amount of deposited energy
decreases when the energy per pulse E, increases.

This is also visible in Fig. 8b which shows the total deposited energy
as a function of the energy per pulse. At ,,, = 0.1 ms, a total deposited
energy of EI’,‘” = 84 mJ is needed for E, = 3 mJ, while only 35 mJ are
required for E, = 5 mJ. In addition, the ignition delay, shown in Fig. 7c,
also decreases when E, increases. Therefore, increasing the energy per
pulse at low residence times appears to be more efficient in igniting the
mixture. In fact, the increase of deposited energy per pulse sufficiently
enhances chemical activity to overcome short residence time of the
gases in the reactor.

Interestingly, Fig. 7b shows an opposite behavior for residence times
higher than z,,; ~ 0.7 ms. The total deposited energy now increases
when the energy per pulse increases. For instance, Fig. 8b shows that
at 7,,, = 2 ms a total deposited energy of EI’;’r = 12 mJ is needed
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Fig. 5. (a) Minimum number of pulses n, required to ignite the methane-air mixture (¢ = 0.95) as a function of the residence time 7,,,. Temporal evolution of temperature (b)
for two residence times of 7,,, = 0.1 and 0.3 ms, and (c) for two residence times of 7,,, = 5 and 6 ms. The pulse energy and the pulse repetition frequency are, respectively, fixed

at E,= 3.5 mJ and f, = 20 kHz.
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Fig. 6. (a) Minimum number of pulses n, required to ignite the methane-air mixture (¢ = 0.95) as a function of the residence time z,,, for a pulse energy of E, = 5.0 mJ and a
pulse repetition frequency of f, = 20 kHz. Temporal evolution of (b) temperature and (c) methane mass fraction for two residence times of 7,,, = 0.07 and 0.3 ms.

for E, = 1 mJ, while 20 mJ are required for E, = 5 mJ. However,
similarly to what was observed at low residence times, the ignition
delay increases when the energy per pulse (and consequently the total
deposited energy) decreases (see Fig. 8c). In this condition, less energy
is needed to ignite the mixture, but with a longer delay. In fact, the
decrease of deposited energy per pulse slows down chemical activity.
However, as the residence time is long enough, the chain-branching
reactions produce enough radicals to ignite the mixture.

The simplified theory present in Section 2 will now be challenged
against the results of the low-order model obtained in the current
section. The Damkohler number Da“" = <"/, . is computed from
the critical residence time rfe’;", estimated from the PSR simulations.
¢ corresponds to the minimum residence time for which ignition
occurs and leads to a burning steady-state regime, at a given E, and
f,- The chemical time scale defined as:

1

@t -
Tehem = <max T > . (18)
p

Ignition occurs only when Da > Da“""". The black squares in Fig. 9 show
the evolution of Da”" as a function of pulse energy E, for f, = 20 kHz.
The limit given by A = 7,,/7,,,, shown by the red circles in this figure,
significantly underestimates Da“"", especially for low values of E,. The
horizontal blue-dashed line in Fig. 9 shows a second limit, given by

Da = 1. This limit is very close to the reference one, Da = Da“".
These observations imply that the chemical time is here more restrictive
than the interpulse time. Therefore, the condition Da > max(1, A) is, in
general, well respected when ignition occurs except for very low values
of E,. This can be attributed to the approximation of the chemical time
scale by Eq. (18), where only one species has been considered.

5.2. Effect of pulse repetition frequency f,,

In this section, the effect of pulse repetition frequency f, on the
ignition process is investigated. The pulse energy is kept constant,
E,=35mJ.

Similarly to the study of pulse energy presented in Section 5.1, the
minimum number of pulses n,, the minimum total deposited energy
EI’]”’, and ignition delay 7,,, are represented in Fig. 10 in terms of
the gas residence time r,,, for different pulse repetition frequencies
f,p- By increasing the frequency f,, the minimum number of pulses
needed to ignite the mixture and the corresponding total deposited
energy E;”’ decrease and ignition becomes more efficient, moving the
critical residence time z¢/"" towards smaller values. At high values of the
residence times 7,,, as in Fig. 7a, a plateau is observed with very low
variation of n, = 5. The ignition delay also shows the same behavior as
in Fig. 7c.

Fig. 11 shows the evolution of the minimum number of pulses 7,,
the corresponding total deposited energy E[',"’ and the ignition delay
7,5, in terms of pulse repetition frequency f, for two values of the
residence time. At the small value of the residence time z,,; = 0.1 ms,

by increasing the pulse repetition frequency, n,, EI’]"’ , and 7,,, decrease.
However, for the large value of the residence time 7,,, = 2 ms, the

minimum number of pulses n, and the corresponding total deposited
energy EI’]"’ required for ignition remain rather constant, while the
ignition delay 7;,, decreases when f, increases.

Finally, similarly to the study of pulse energy presented in Sec-
tion 5.1, the simplified theory present in Section 2 will also be chal-
lenged against the results of the low-order model obtained in the
current section. The Damkéhler number Da®"* is computed from the
critical residence time Tfe’;", estimated from the PSR simulations. The

chemical time scale is still computed with Eq. (18). Ignition occurs only
when Da > Da®". The black squares, in Fig. 12, shows the evolution of



S.QE. Wang et al.

—— Ep=0.5mJ —A— Ep=2.0mJ Ep=5.0mJ
—— E,=1.0mJ Ep=35mJ
= 102 F 4
o
c
(0]
@
=
o 1
5 10'F E
c
>
100 i i i
105 104 1073 102
e (b)
=1
L 2 L 4
= 10
=
[0
C
(0]
c
2
c
2 1
10 3 L I L 3
107 104 1073 102
— 102 3
L,
C
(=)
2
>
©
S 103t 3
c
Ke]
i
k=)
10.4 i i i
105 10 103 102

Residence time Tyqg [S]

Fig. 7. Plasma-assisted ignition diagrams. (a) Number of pulses n,, (b) total deposited
energy E;]"’, and (c) ignition delay time 7, required to ignite the methane-air mixture
(¢ = 0.95) in terms of the residence time z,,, for various pulse energy E,. The pulse
repetition frequency is fixed at f, = 20 kHz.

Da“" in terms of pulse repetition frequency f, for E, = 3.5 mJ. The
limit given by A = 7,/7.p,, shown by the red circles in this figure,
significantly underestimates Da‘", especially for low values of E,. The
horizontal blue-dashed line and the red circles show the limits given
by Da = 1 and Da = A, respectively.

When f, < 10 kHz, A > 1 and the ignition criteria is given by Da >
A. This is consistent with the observation made in Fig. 12, as the Da = A
line is the closest to Da“’". Inversely, when f, » > 10 kHz, A < 1 and the
ignition constraint is given by Da > 1. These observations imply that
the chemical time is here more restrictive for values of f, > 10 kHz.
In contrast, interpulse time is the more restrictive one for values of
f» < 10 kHz. Therefore, here also, the condition Da > max(1, A) is well
respected when ignition occurs.

6. Conclusions

Following [16], a low-order model of flame ignition by NRP dis-
charges has been used to analyze the ignition success or failure of a
methane-air mixture in a perfectly-stirred reactor. The PSR represents
the volume surrounding the interelectrode region where the compe-
tition between plasma kinetics, combustion chemistry, and turbulent
mixing occurs. Ignition success or failure results from a competition
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Fig. 9. Evolution of the Damkoéhler number Da as a function of pulse energy E, for
a constant pulse repetition frequency f, = 20 kHz; Da“" corresponding to the critical
residence time 7¢/" (black squares), Da = 1 corresponding the characteristic chemical
time 7., at this residence time (blue-dashed line), and A corresponding to interpulse
time 7;, (red circles). The gray area is the Da > max(l,A) condition region. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

between the cumulative energy deposited in the PSR, which affects
the combustion chemistry, the residence time of gases and the inter
pulse time. A parametric study is performed in this 0-D configuration
by varying the amount of deposited energy per pulse E, and the pulse
repetition frequency f, to obtain diagrams giving the ignition limits
and the efficient operating conditions.
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energy E;”, and (c) ignition delay time r,,, required to ignite the methane-air mixture
(¢ = 0.95) in terms of the residence time z,,, for various pulse repetition frequency f,.
The pulse energy is fixed at E, = 3.5 mJ.

At a fixed value of pulse energy E, and pulse repetition frequency
fp> the minimum number of pulses needed to ignite the gas mixture
increases when 7,,; decreases. For very low values of z,,,, a sharp
increase in the number of pulses n, is observed, exhibiting a critical
residence time ¢ limit below which ignition cannot occur. This limit
is extended when increasing whether the pulse energy E, or the pulse
repetition frequency f,. In addition, for both low and high residence
times, the number of pulses 7, and the ignition delay 7;,, decrease when
increasing the energy deposited per pulse E,.

At a fixed value of pulse frequency f,, for high residence times, the
total deposited energy E* increases with E,, while for low residence
times, it decreases with E,. At a fixed value of pulse energy E,, for low
residence times, the total deposited energy EI’)‘” decrease with £, while
for high residence times, it remains relatively constant with f,,.

A simplified theory of plasma-assisted ignition based on dimension-
less numbers constructed from the residence time r,,,, the interpulse
one 7;,, and the chemical one z.,,, has been proposed. The analysis
of the PSR solutions, using this simplified theory, showed that the
condition Da > max(l,A) on the Damkohler number Da is a good
criterion to indicate that:

« the burst of discharges leads to a successful ignition
+ the ignited mixture reaches a burning steady state regime

The respect of these two conditions promotes the formation of a reac-
tive kernel, making a turbulent flame ignition possible. Future works
will concern the introduction of molecular diffusion effects in the
low-order model, which may have a significant impact of the plasma-
assisted ignition process.
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