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Abstract: Zero-dimensional computations of nanosecond-order ignition using a nanosecond dis-
charge are performed with two constraints. The effects of these constraints are assessed to study
the experimental rapid pressure change properly at the initial stages. The computations are car-
ried out with the following constraints: constant internal energy and volume (U&V) and constant
enthalpy and pressure (H&P), revealing differences between the two solutions. As the pressure
remains constant under the H&P constraint, the total number density of all species decreases
during ignition. In this case, O radicals are less generated and consumed. The progression of all
reactions and temperatures increases under the H&P constraint less intensely than under the U&V
constraint. Significant differences are found between the results calculated under the U&V and
H&P constraints. Therefore, large discrepancies with real phenomena can be caused if the loss due
to pressure reduction is not treated well.
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INTRODUCTION

The fuel-lean burn technology for spark-
ignited (SI) reciprocating engines is beneficial for
achieving high thermal efficiency because of the en-
gines’ high specific heat ratio and low burned gas
temperature, which reduce the heat loss to the cylinder
wall [1, 2]. However, a lean burn shortcoming is the
longer reaction time necessary because of lower laminar
and turbulent burning velocities, which might engender
an unstable reaction or extinction. To overcome this
shortcoming, intense turbulence must be provided to
increase the turbulent burning velocity. However, it is
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widely known that ignition under intense turbulence
under a lean fuel condition is extremely difficult be-
cause of the markedly increased need for the minimum
ignition energy, i.e., so-called minimum ignition energy
transitions [3-5]. Therefore, novel ignition technologies
must be introduced to realize reliable lean burn engines.

In recent years, the non-equilibrium plasma has re-
ceived increasing attention for improving ignition per-
formance. There are two types of the plasma: ther-
mal (equilibrium) and non-thermal (non-equilibrium)
plasmas. The thermal plasma is characterized as hav-
ing an electron temperature, with rotational and vibra-
tional temperatures of particles. The electron and gas
temperatures are in equilibrium at high temperatures.
However, in the non-equilibrium plasma, the electron,
vibrational, and rotational temperatures are extremely
different. Only the electron temperature is higher than
the gas temperature. When the non-equilibrium plasma
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is used for ignition, collisions of high-temperature elec-
trons in the plasma generate active chemical species [6].
Reportedly, these active chemical species can enhance
subsequent chain reactions and engender ignition with
low energy. Several studies are progressing toward
the introduction of the non-equilibrium plasma into an
actual combustor, e.g., [7]. Nanosecond repetitively
pulsed discharges (NRPDs) are known to be capable
of creating the non-equilibrium plasma efficiently. Al-
though the experimentally obtained results show that
the NRPD improves the ignition process considerably,
detailed mechanisms of the NRPD remain unclear [8]
because the reaction processes that occur under the ef-
fects of the non-equilibrium plasma are complicated and
the reactions occur in nanoseconds, which makes the ex-
perimental validation of the processes difficult. There-
fore, it is expected that the numerical analysis plays an
important role in elucidating the NRPD-induced igni-
tion processes.

Mao and Chen [9] analyzed the ignition processes
with the NRPD numerically. The ignition delay times
of the premixed gas at the same temperature were com-
pared between nanosecond discharges with different lev-
els of the reduced electric field strength and ordinary
auto-ignition. The results demonstrated that the igni-
tion delay times are shorter than those of ordinary auto-
ignition when the electric fields are applied sufficiently.
The reports of other numerical studies described similar
merits of the NRPD [10, 11].

Conventionally, the numerical analyses of ignition
with the NRPD have been conducted assuming constant
pressure conditions. Adamovich et al. [12] performed
the numerical analyses assuming a constant pressure
condition in a system using plate electrodes. In their
study, the term representing the heat loss to the plate
electrodes was incorporated into the zero-dimensional
energy equation in the model. The numerical results
showed good agreement with their experiments. In ad-
dition, Lefkowitz et al. [13, 14] conducted experiments
using plate electrodes and a zero-dimensional analysis
with the heat loss assuming a constant volume con-
dition. The heat loss term proposed by Adamovich
et al. [12] was applied to their model. The results
of experiments conducted using plate electrodes were
found to agree well with the numerical results found for
a methane/oxygen mixture diluted with helium. The
findings imply that consideration of the loss mechanism,
including the heat loss to plate electrodes, in the numer-
ical model is important for the numerical analyses.

Our group has started to undertake experimental
efforts [15] using an NRPD with a pair of opposing rod-
type sharpened electrodes for spark ignition engine ap-
plications. Conducting future multidimensional analy-

Fig. 1. Schlieren image of ignition kernel develop-
ment 4 ms after the initial discharge pulse for the
equivalence ratio of 0.6, velocity of 10 m/s, gap dis-
tance of 2 mm, and inter-pulse time of 1 ms.

ses using rod-type sharpened electrodes is expected to
require construction of a lower-dimensional model for
consideration of the effects of pressure as a first trial
because the pressure change has a markedly stronger ef-
fect than the heat loss as a loss mechanism for rod-type
sharpened electrodes. During the ignition process, the
pressure is varied by a high electric field that causes re-
actions lasting approximately for nanoseconds. For ex-
ample, Fig. 1 presents a Schlieren image of the ignition
kernel in the flow soon after the start of the fifth dis-
charge observed by Lefkowitz and Ombrello [16], which
is similar to the condition used in an earlier study [15].
As the figure shows, the shock wave propagates from
the fifth discharge: a high-pressure region forms around
the fifth discharge. This local high-pressure condition
decreases immediately to the ambient pressure because
of the rarefaction wave on the order of milliseconds.
However, the pressure decrease takes longer than the
nanosecond-order discharge. Therefore, the energy loss
attributable to the pressure decrease on the order of
nanoseconds is regarded as a plausible modeling strat-
egy to consider the energy loss within the framework
of a zero-dimensional model for a nanosecond discharge
with rod-type sharpened electrodes. As an example,
Fig. 2 presents schematic images showing the pressure
increase or decrease during the discharge period. If the
sharpened electrode diameters are set to 2 mm, the rar-
efaction wave takes 1 us or longer until it reaches the
center axis of the electrode because the rarefaction wave
propagation speed after the temperature rise can be as-
sumed as ~1000 m/s. The rarefaction wave propagates
within about 0.1 mm from the electrode wall if one pulse
of the discharge lasts for 100 ns. Consequently, one can
infer that a constant-volume and adiabatic system can
be assumed until the rarefaction wave arrives. It is ex-
pected to be important to examine the effects of com-
putational constraints by considering pressure change
under such conditions.
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Fig. 2. Schematic images of the pressure in-
crease/decrease during and after the discharge time:
(b) pressure in the gray region between the electrodes
shown in (a).

This study was conducted to obtain fundamental
information from the analyses using different constraint
conditions for a single nanosecond discharge. To ad-
dress the realistic phenomena of the pressure change
properly, we start the first trial from the examination
of the effects of the constraint conditions with a zero-
dimensional computation. The commonly used con-
straints of two kinds are applied here: constant inter-
nal energy and volume (hereafter, U&V), for which the
pressure is expected to reach the maximum theoretical
values, and constant enthalpy and pressure (hereafter,
H&P), for which the pressure does not change. Spe-
cial attention was devoted to differences in the ignition
processes under the U&V and H&P constraints.

1. METHOD

An in-house zero-dimensional
and a zero-dimensional plasma kinetics solver
(ZDPlasKin) [17] were used for examination of
the ignition processes of a CHy/air mixture initiated
by a nanosecond discharge. The principle of the
computational method is fundamentally the same
as that reported by Lefkowitz et al. [13, 14]. The
zero-dimensional governing equations are presented as

AYe oWy
a  p
W = WzDPlasKin + We, (2)

K
dr 1
= — E kaka. (3)
dt pc =

ignition code

k=1,..., K, (1)
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Here & [mol/(m3-s)] is the production rate obtained
by combining the species production rates of the
plasma reaction wzpplaskin and chemical reaction we,
Y:, [mol/m?] stands for the mass fraction of the kth
species, Wy, [kg/mol] represents the molecular weight
of the kth species, T [K] is the temperature, p [kg/m?]
is the density, ¢ [J/(kg-K)] expresses the specific heat
at constant volume (c,) or constant pressure (c,), and
ex [J/kg] stands for the internal energy w or enthalpy h
of the kth species. The specific heat ¢, and energy u
were used under the U&V constraint, and ¢, and h were
used under the H&P constraint.

The time integration of chemical and plasma reac-
tions was performed using a fast and robust Jacobian-
free time-integration method designated as MACKS de-
veloped by Morii and Shima [18]. The electron en-
ergy distribution function (EEDF) and the rate coeffi-
cients of the electron-impact reactions were found using
a Boltzmann equation solver (BOLSIG+) [19] included
in ZDPlasKin.

A stoichiometric CHy/air mixture was used for this
study. The initial conditions of the computation were
set as 300 K ambient temperature and 0.1 MPa pres-
sure. The reduced electric field strength (E/N [Td])
was calculated as

E t
N Ty sin (th>, (4)

where E [N/C] is the electric field strength, N [m~3] is
the number of neutral particles in a unit volume, Ty [Td]
stands for the maximum value of the electric field, and
t, [s] represents the discharge time. For this study, T =
160 Td and ¢, = 100 ns were applied in accordance
with the relevant experimental conditions [15]. In addi-
tion, considering the ignition of highly turbulent fields,
it was assumed that T reaches a high value and the
flame propagates under the U&V constraint. Moreover,
E/N was calculated using Eq. (4) for the discharge time
and set as zero for other times. It is noteworthy that
computations for the single discharge were used here as
a first trial to assess the pressure change effects in the
nanosecond-order ignition processes.

2. RESULTS AND DISCUSSION

After presenting a discussion of the difference in
the temperature rise between the U&V and H&P con-
straints, the discussion in this section explains some fac-
tors producing differences. Attention will be devoted
particularly to the chemical and plasma reactions that
enhance ignition. Finally, we specifically examine the
changes in the number density of all species caused by
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Fig. 3. Temperature and pressure histories as func-
tions of time under the U&V and H&P constraints:
the symbols are shown for every 1000 data points.

the pressure change. An index for considering the en-
ergy loss because of decreased pressure will be exam-
ined from differences in the ignition processes under the
U&V and H&P conditions.

2.1. Differences in Temperature
and Pressure Histories
under the U&V and H&P Constraints

Figure 3 shows the temperature and pressure his-
tories computed under the U&V and H&P constraints.
The reduced electric field strength E/N in Eq. (4) is
given in the period of 0-100 ns. The maximum value
(160 Td) is reached at 50 ns.

Under the U&V constraint, the temperature in-
creases rapidly during the discharge time (<100 ns)
and becomes nearly constant (3800 K). Under the H&P
constraint, however, the temperature increases gradu-
ally after its initial rapid rise to ~1000 K. Accordingly,
for the discussion hereinafter, the present rapid tem-
perature rise under the U&V constrains is designates as
“rapid ignition,” and the slow temperature rise under
the H&P constraint is designated as “slow ignition.”
Indeed, for successful ignition by the NRPD in spark
ignition engines, “rapid ignition” is necessary for main-
taining reactions until the next discharge in highly tur-
bulent fields. By contrast, “slow ignition” is observed
under the H&P constrains, and it remains unclear at
this stage whether ignition occurs before the next dis-
charge.

A large difference was found in temperature rises
between the U&V and H&P conditions despite the same
given values of the reduced electric field strength and
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Fig. 4. Mole fractions of chemical species involved
in typical methane reactions and number density
of electrons under the U&V (a) and H&P (b) con-
straints: the symbols are shown for every 500 data
points.

discharge time. Therefore, to investigate the differences
in the ignition processes under the U&V and H&P con-
straints, we discuss the mole fractions of electrons and
some chemical species involved in typical methane re-
actions in the following sections.

2.2. Mole Fractions of Electrons
and Chemical Species Involved
in Typical Methane Reactions

Figure 4 shows the mole fractions of the major
chemical species involved in typical methane reactions
conventionally denoted by C1 and the number density
of electrons under the U&V and H&P constraints. The
time period is 0-1 pus. The main reaction pathway of
methane oxidation is known to be

CHy — CH3 — CH,O — HCO — CO — COa.
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The major chemical species have the maximum values in
the same sequence under both the U&V and H&P con-
ditions. Under the U&V constraint, the number den-
sity of electrons increases rapidly during the discharge
time. Other C1 reactions follow after the reactions of
electrons. Finally, the mole fraction of the final prod-
uct COz becomes nearly constant. Therefore, under
the U&V constraint, the C1 reactions can be regarded
as completed within around 150 ns after the end of the
discharge. However, under the H&P constraint, the
number density of electrons and the mole fractions of
other chemical species (except for CO) are much smaller
than those under the U&V constraint. Moreover, the
mole fractions of all chemical species continue to change
after the end of the discharge. Therefore, chemical (C1)
reactions are still in progress under the H&P constraint
at 1 ps.

From the curves in Figs. 3 and 4, significant differ-
ences are found in the time histories of reactions con-
ducted under the H&P and U&V conditions. Under the
U&V constraint, “rapid ignition” caused by rapid Cl1
reactions is observed. However, “slow ignition” is ob-
served under the H&P constraint, with C1 reactions
remaining in progress.

Next, the rate of O radical production is specifi-
cally examined because it represents the largest amount
among all neutral species generated by plasma reactions
after the discharge. Earlier studies [20, 21] showed that
the O radical formation is accelerated by excited species
generated by plasma reactions. In addition, O radicals
are known as highly reactive. They contribute to the
promotion of combustion reactions [22-24]. Herein, we
distinguish O radical productions in “plasma reactions”
and ”chemical reactions” to capture the overall phenom-
ena.

2.3. Rate of O Radical Production
by Plasma and Chemical Reactions

Among all neutral species, O radicals are present
in the largest amounts because they are formed by
thermal decomposition of Oy due to gas heating and
plasma reactions involving excited species. The roles
of excited Oy and active O radicals in the ignition
processes were discussed not only in studies using the
NRPD [6, 9, 13,22-24], but also in reports of studies of
laser radiation [20] and electric discharge [21]. Accord-
ingly, this section presents specific examination of the
rate of O radical production. Figure 5 portrays the time
history of the pressure and rate of O radical production
in the period approximately from 35 ns (when the tem-
perature increase starts) to 100 ns (when the discharge
ends) for the U&V and H&P conditions. The rates of O
radical production computed by ZDPlasKin are shown
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Fig. 5. Rate of O radical production under the U&V
constraint (a) and H&P constraint (b): curves 1 and
2 refer to plasma reactions and chemical reactions,
respectively; the symbols are shown for every 100
data points.

as “plasma reactions” (curves 1), and those predicted by
the zero-dimensional ignition code are shown as “chem-
ical reactions” (curves 2).

First, the results for the U&V conditions are dis-
cussed (Fig. 5a). Both rates of production by “plasma
reactions” and “chemical reactions” start increasing at
around 40 ns along with the pressure. Particularly, the
rate of O radical production by “plasma reactions” in-
creases rapidly. However, the rate of production by
“chemical reactions” reaches the maximum value at
around 45 ns and becomes negative. E/N reaches the
maximum value at 50 ns (see Fig. 3). The results sug-
gest that ignition can occur because O radicals gener-
ated by “plasma reactions” are consumed immediately
in “chemical reactions”: a transition from reactions in-
duced by the plasma to reactions of combustion occurs.
As a result, “rapid ignition” is observed under the U&V
constraint.
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sities (asterisks) of O radicals and electronically ex-
cited species under the U&V (a) and H&P (b) con-
straints: the symbols are shown for every 10 points.

Under the H&P constraint (Fig. 5b), however, the
rates of both productions by “plasma reactions” and by
“chemical reactions” increase as those under the U&V
constraint did, but the rate of production by “chemical
reactions” does not decrease as it did under the U&V
constraint.

The rates of O radical production by “plasma reac-
tions” and “chemical reactions” show different behav-
iors as the pressure increases under the U&V constraint.
In the following discussion, we specifically examine elec-
tronically excited species N3(A) and No(B), which con-
tribute to the generation of O radicals [9]. The time in-
terval 35-60 ns, when “plasma reactions” are dominant
under the U&V constraint, will be specifically empha-
sized herein.

2.4. Mole Fraction
and Number Density of O Radicals
and Electronically Excited Species

Figure 6 presents the mole fractions and num-
ber densities of O radicals and electronically excited
species N2 (A) and N2(B) under the U&V and H&P con-
straints.

First, we discuss the results for U&V (Fig. 6a). An
earlier study demonstrated that electronically excited
species Na(A) and N3 (B) contribute to the generation
of O radicals [9]:

NQ(A) 4+ 02 — N3 + 20, (Rl)
NQ(B) + O3 — Ny + 20. (RQ)

The number density of No(A) decreases greatly after
45 ns under the U&V constraint. Therefore, the gener-
ation of O radicals is considered to be promoted by the
reaction of oxygen and No(A, B). In fact, the number
of O radicals starts to decrease after 55 ns, when the
gas temperature reaches 1300 K, because O radicals are
consumed in combustion reactions. As described above,
O radicals are highly reactive. Moreover, they promote
combustion reactions. Therefore, because the reactions
of combustion are enhanced considerably, “rapid igni-
tion” is observed under the U&V constraint. When
O radicals are consumed in combustion reactions, it is
considered that chemical reactions are shifted to a dom-
inant state over non-equilibrium plasma reactions.

Next, the results for H&P are discussed (Fig. 6b).
The mole fractions and number densities increase
rapidly and reach the maximum values. Although the
maximum mole fractions are similar to those under
the U&V constraint, the maxima of the number den-
sities are smaller than those in the U&V case. The
difference between the number densities becomes large
after 50 ns. Particularly, a significant difference was
found between the maximum number density and the
mole fraction of O radicals. Under the H&P constraint,
O radicals are not consumed as in the U&V case. Con-
sequently, reactions are not enhanced.

The tendency of the number densities is similar to
those of the mole fractions under the U&V constraint
(see Fig. 6a). By contrast, different trends are observed
under the H&P constraint (see Fig. 6b). The mole frac-
tions are calculated from the number density of each
chemical species and the total number density of all
chemical species. Therefore, we specifically examine the
total number densities of all chemical species and pres-
sures under the U&V and H&P conditions.
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Fig. 7. Total number density of all chemical species
and pressure change as a function of time under the
U&V and H&P constraints: the symbols are shown
for every 10 data points.

2.5. Total Number Density
and Pressure Effects

Figure 7 presents the total number density of all
chemical species and pressure as a function of time un-
der the U&V and H&P constraints. Assuming the over-
all reaction of methane as

CHy + 205, —CO2 + 2H50, (R?))

the number density is expected not to lead to a marked
change under the U&V constraint because of the pro-
duction of intermediates and the eventual convergence
because equal amounts of substances must exist on the
left and right sides of the overall chemical reaction for-
mulae. As shown in Fig. 7, the total number den-
sity increases slightly because of radicals generated by
the methane decomposition reaction. This slight in-
crease can be regarded as reasonable under the U&V
constraint. However, to keep the pressure constant,
the total number density decreases considerably under
the H&P constraint. As the number density decreases,
the number of reactions decreases because of the de-
creased rate of molecular collisions. This result might
engender large discrepancies between the H&P results
and actually observed phenomena.

In addition, under the H&P constraint, the de-
crease in the number density in Fig. 5 can be attributed
to the fact that O radicals are not significantly gener-
ated or consumed, as they are in the U&V case. As the
density decreases under constant pressure conditions,
the number density of electronically excited species that
contribute to the generation of O radicals also decreases

Suzuki et al.

as the density decreases. Accordingly, the generation
and consumption of O radicals are not promoted, which
is also regarded as a possible reason why the combustion
reaction was not accelerated under the H&P constraint,
as might be readily apparent in Fig. 3 (temperature
rise) and Fig. 4 (typical species in methane reactions).
Consequently, “slow ignition” is observed because the
reactions are not enhanced under the H&P constraint.

In summary, the following major problems were
identified when the computations of nanosecond-order
ignition using non-equilibrium plasma were conducted
under the H&P assumption. Along with the reduced
electric field strength E/N in Eq. (4), the electric
fields E are inversely proportional to the number den-
sity of neutral molecules. However, the number den-
sity decreased considerably when the H&P constraint
was assumed. The results obtained in this study under
the H&P constraint were inconsistent with actual phe-
nomena. Therefore, the constraints should be chosen
carefully for the case of rapid ignition using the NRPD.
Based on this point, we are planning to compute the ig-
nition process with incorporation of spatial dimensions
in future studies.

CONCLUSIONS

Zero-dimensional computations of nanosecond-
order ignition processes of CHy/air mixtures were per-
formed using the NRPD under constraints of two types:
constant internal energy and volume (U&V) and con-
stant enthalpy and pressure (H&P). Particular atten-
tion was devoted to the differences in the ignition pro-
cesses under the U&V and H&P constraints. The re-
sults show that a significant difference exists in tempera-
ture rises despite the initially equal values of the reduced
electric field strength and given discharge times. As the
pressure changes were considered under the U&V condi-
tion, the total number density increased slightly because
radicals were generated by the CHy decomposition re-
action. The O radicals were generated efficiently by
plasma-induced species and were consumed in combus-
tion reactions under the U&V constraint. Consequently,
“rapid ignition” was observed in the U&V case. How-
ever, as the pressure is kept constant under the H&P
constraint, the total number density decreased consid-
erably. Accordingly, O radicals were not significantly
generated and consumed in the H&P case as they were
under the U&V constraint, which might engender large
discrepancies with actual phenomena. In conclusion,
one must assume appropriate conditions when perform-
ing computations for nanosecond-order ignition using
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the NRPD. For future studies, we will conduct a spa-
tially one-dimensional analysis to investigate the igni-
tion process.
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