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Abstract

The effect of pulsed nanosecond dielectric barrier plasma discharges on the ignition characteristics of
n-heptane and air mixtures is investigated through self-consistent simulations in a plane-to-plane geometry
at reduced pressures (20.3 kPa). The present work represents one of the first attempts in understanding the
kinetic and thermal effects of nanosecond pulsed discharges on the two-stage ignition process of n-heptane.
A plasma-fluid formulation is developed with ions and neutral species at gas temperature, and electrons in
non-equilibrium. The work makes use of an optimized chemical kinetics mechanism consisting of 166 spe-
cies and 611 reactions, obtained by combining a reduced n-heptane kinetic model, a non-equilibrium
plasma chemistry scheme, and a NO, kinetic model. The catalytic effect from plasma-generated radicals
on the first stage of the n-heptane ignition process has been identified. Production of radicals such as O,
H and OH from the plasma initiates and accelerates the H abstraction of fuel molecules, and dramatically
reduces the induction time of the exothermic cycle (RH — R — RO, — OROOH) by a factor of 10. Fur-
thermore, the plasma action on low temperature chemistry is found to be nearly independent of the equiv-
alence ratio and more pronounced at lower temperatures (550-650 K). A staggered application of
nanosecond voltage pulses (2-4 pulses at the beginning and 20-30 pulses after the first stage heat release)
is shown to be optimal, resulting in a reduction of the ignition delay by approximately a factor of 2. NO
production from the plasma via electron impact and quenching processes at low temperatures plays an
important role in promoting chain-branching reactions and contributes to shortening the ignition delay
by approximately 10%.
© 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction air-breathing engines [1-3]. A variety of experi-
mental platforms and measurement techniques have

Non-equilibrium plasma discharges have been developed to understand the complex mecha-
recently drawn considerable attention as a prom- nisms involved in the interactions between plasma
ising technology for combustion enhancement in and combustion [1-10]. Both experimental and

numerical studies have been conducted to explore

the effects of plasma-generated species on ignition
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Yu Starikovskii and co-workers [5,16] reported
that application of a nanosecond pulsed discharge
in a fuel-air mixture in a shock tube could reduce
ignition delay times of C;—Cjs saturated hydrocar-
bons by approximately one order of magnitude.
This phenomenon was attributed to the breaking
of C-C bonds in fuel molecules by the plasma-
generated radicals such as atomic oxygen (O)
[16]. Recent studies on the ignition of Hy—air mix-
tures subjected to nanosecond pulsed plasma
[10,11] demonstrated that the local plasma chem-
istry expedites the transition of the mixture to the
ignition threshold, with heat transport playing a
minor role. Ombrello et al. experimentally explored
the enhancement of C,H, and C3;Hg flame propa-
gation by singlet oxygen (Oz(;Ag)) and ozone (O3)
[12,13]. Sun et al. [15] integrated an in situ nanosec-
ond pulsed discharge system with a counterflow
burner. It was found that the production of radi-
cals, especially atomic oxygen, from the plasma
can dramatically change the reaction pathways of
CHy, thereby modifying both ignition and extinc-
tion characteristics. Nanosecond discharges have
also been employed to improve the stability of
bluff-body anchored lean premixed flames for
CH,4 and C;Hg, mainly due to radical production
[7] and local fuel reforming [8].

Owing to the complexity of plasma/chemistry
interactions and lack of a reliable kinetic data-
base, most of the previous work in this area has
focused on hydrogen or small hydrocarbon fuels
(C1=Cs). There is a lack of comparison between
plasma assisted ignition of C;—Cs and larger
hydrocarbon (Cs and above) fuels. The latter fea-
ture rich low-temperature chemistry which is weak
or completely absent in small hydrocarbon fuels
[17]. Motivated by this observation, the objective
of this study is to numerically investigate the effect
of non-equilibrium plasma on ignition properties
of n-heptane (nC;H ), for which low-temperature
chemistry plays a critical role. No experimental
data is currently available in the literature on non-
equilibrium plasma-assisted ignition of large
hydrocarbons, such as nC;H;s. The present
numerical study represents one of the first
attempts in understanding the kinetic and thermal
effects of nanosecond pulsed discharges on the
two-stage ignition process of nC;H 4. The kinetic
and thermal effects of nanosecond pulsed dis-
charges on the two-stage ignition process of
nCsH,¢ will be studied in detail. In addition, the
catalytic effects of plasma-generated NO, on the
ignition process will be examined.

2. Model framework
2.1. Physical configuration

Figure 1 shows schematically the physical con-
figuration considered herein. Two copper electrodes

are placed in a parallel plate configuration, each
covered with a 1.75 mm quartz layer (dielectric
constant, &, = 3.8). The gap between the dielectric
boundaries (0.25 cm) is filled with a mixture of
pre-vaporized nC;H;¢ and dry air (79% N, and
21% 0O,) at 20.3 kPa with the equivalence ratio
and initial temperature in the range of 0.5-1.5
and 550-650 K, respectively. Gaussian voltage
pulses (peak voltage of 20 kV and pulse duration
of 40 ns) are applied at the right electrode,
whereas the left electrode is grounded. The pulse
repetition frequency is fixed at 60 kHz. We have
shown in our previous work [11] that under this
condition, one-dimensional approximation is suf-
ficient to self-consistently simulate the nanosec-
ond plasma dynamics and the development of
the ignition kernel.

2.2. Governing equations

The details of the theoretical formulation and
numerical model used in the present work are
described in [18]. Only a brief summary is given
here. Governing equations for electric potential,
electron energy, and charged and neutral species
continuity are considered. In addition, the conser-
vation equations of mass, momentum and energy
for the gas mixture are solved simultaneously to
treat flow motion. The electron transport and
reaction coefficients are expressed as functions of
electron energy using BOLSIG [19] and updated
at every time step through interpolation. An adap-
tive time-step approach is utilized to tackle the
large disparity in the timescales of the various
physical phenomena of interest. Implicit time inte-
gration is performed for stiff chemical source
terms, whereas species and flow transport are trea-
ted explicitly for computational efficiency. A non-
uniform mesh consisting of 300 grid points, with
highest resolution near the two dielectric bound-
aries, is used to obtain grid convergent solutions.
A domain decomposition approach with MPI
(message passing interface) is implemented to
compute the solution in parallel over multiple
processors.
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Fig. 1. Schematic of the dielectric barrier discharge cell.
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The predictive capability of the numerical code
has been well validated with measurements of the
input electrical energy, atomic oxygen and tem-
perature in nanosecond pulsed plasma in air
[11]. In addition, the model was benchmarked
against experimental data on temperature, OH
and ignition delay in H,-air mixtures subjected
to pulsed nanosecond discharges [18].

2.3. Kinetic models of nC,H ;s and air plasma

In order to understand the effect of radicals
generated by pulsed discharges on the low- and
high-temperature chemical pathways in the igni-
tion of nC;H6, an optimized kinetic model is
developed. The scheme combines a reduced
nC;H;¢ chemical kinetic model [17,20] fuel and
air plasma reactions [21,22] and NO, reactions
[23,24]. The entire scheme consists of 166 species
and 611 reactions, incorporating charged species
N2+9 02+9 HN2+5 H30+> C7H15+’ C6H13+’
CsH,,*, 0,7, and e™; excited species NZ(AS),
N(B%), No(C?), Ni(a'), and O('D); and neutral
species. Electron impact processes (ionization, dis-
sociation, excitation and attachment) along with
quenching, detachment and recombination reac-
tions are considered. The rate coefficients of elec-
tron-based reactions are calculated at each instant
(at every spatial node) by solving the electron
Boltzmann equation with two-term expansion
using the BOLSIG software [19]. For this pur-
pose, self-consistent sets of electron impact
cross-sections are used for O, [25] and N, [26].
There are, however, no cross-section data avail-
able for nC;H¢. It is therefore assumed that the
cross-section for nC;H;¢ is similar to that of
C,Hg taken from [27]. A sensitivity analysis was
conducted by varying (up to 5 times) the rate con-
stants of electron impact and quenching reactions
of nC;H 6. Negligible impact on ignition delay
predictions was found.

NO, kinetics (from GRI Mech 3.0 [23]) is
included in the kinetic model to study the catalytic
effect of NO on ignition [4]. Plasma can efficiently
generate NO through the following pathways [24],

N, +e - NCD)+N+e (1)
N(*D) + 0, — NO+O (2)
N>(A*) + 0 — NO + N(*D) (3)

Takita et al. [24] and Ombrello and Ju [4] dem-
onstrated that NO can have a catalytic effect on
hydrocarbon fuel ignition via reactions 4—7, which
have also been included in the present kinetics
mechanism,

CH3 + 02 + M — CH302 + M (5)

CH; + NO, < CH;0 + NO (7)

3. Results and discussion

Application of a nanosecond voltage pulse in a
mixture of nC;H ;¢ and air (equivalence ratio, ¢
=1.0, p =20.3kPa, T=600K) causes electrical
breakdown at ~5.5kV, resulting in a surge in
the conduction current as shown in Fig. 2. Charge
accumulation on the dielectric layers shields the
plasma from further increase in applied voltage,
and a rapid fall in current is observed. The E/N
ratio in the entire discharge gap is calculated
self-consistently for each voltage pulse from the
electric field obtained by solving the Poisson equa-
tion. The E/N ratio at the center of the discharge
volume is also shown as a function of time in
Fig. 2. The total input energy is found to be
~0.6 mJ per pulse. It is evident that a significant
portion of the input pulse energy is coupled at
E/N values greater than 100 Td, resulting in rapid
electron impact dissociation, excitation and ioni-
zation of neutral species.

3.1. Plasma species production

The reactive species generated by the plasma
have a critical effect on the nC;H;4 ignition prop-
erties. Figure 3 shows the mole-fractions of O, H,
OH and NO and temperature profiles after a burst
of 5 voltage pulses (at 0.1 ms) at 60 kHz pulsing
frequency as a function of distance from the left
electrode. The E/N ratio after 5 ns from the begin-
ning of the 5th pulse is also shown to facilitate dis-
cussions. Atomic oxygen is predominantly
produced via electron impact dissociation of O,
and quenching of excited N, by O,. Two small
peaks are noticed in the spatial profile of the O
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Fig. 2. Applied voltage, current and E/N at the center of
the domain as a function of time during a discharge pulse
in a n-C;H;¢ and air mixture (¢ =1.0, P =20.3 kPa,
T =600 K).
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Fig. 3. Spatial distribution of O, H, OH, NO and HO,
concentrations and temperature after 5 discharge pulses
in a nC;H¢ and air mixture (¢ = 1.0, P =20.3 kPa,
T = 600 K). E/N profile after 5 ns from the beginning of
the 5th discharge pulse is also shown.

atom near the boundaries, where the mole-
fraction is ~2 times the value at the center. This
behavior can be attributed to higher E/N and elec-
tron densities during breakdown, near the bound-
ary sheath edges, as compared to corresponding
values in the bulk plasma region. As a result, the
electron impact dissociation and excitation rates
are higher near the boundaries than at the center
of the discharge gap. The H atom exhibits trend
similar to that of O, and is produced via electron
impact dissociation and quenching reactions of
nC;H;6. The H mole-fraction, however, is ~5
times lower than that of O because the concentra-
tion of nC7H;4 (0.019 mol-fraction) is much smal-
ler than the concentration of O, (0.2 mol fraction)
under the present operating conditions. The rela-
tively low average temperature of 600 K favors
generation of HO, via three-body reactions
between H and O, in the discharge volume. The
concentration of NO in the discharge volume is
~10 ppm after 6 pulses, and is produced by the
plasma via reactions 1-3. The effect of NO on
the ignition kinetics will be discussed later in more
detail. OH radicals can be produced by the reac-
tion between HO, and NO (Eq. (4)), but results
predominantly from the following reactions,

O +HO, «+ OH + O, (8)
H+ HO, <+ OH + OH 9)

3.2. Effect of plasma on low temperature nC;H 4
chemistry

Figure 4 shows the temporal evolution of tem-
perature at the center of the computational
domain with and without the application of nano-
second discharge pulses. The operating conditions
are the same as in Fig. 2. It is evident that pulsed
nanosecond plasma accelerates the onset of the
first-stage temperature rise (from 600K to

800 K) nearly 10 times, from ~0.3 s (in the case
of auto ignition) to ~35ms (for 5 discharge
pulses). The radicals generated by the plasma ini-
tiate the H abstraction from fuel molecules
through the following and similar reactions,

nC;H;s + OH/O/H — n — C;H;5s + H,O/OH/H,
(10)

For comparison, 2 and 8 pulses are applied to
initiate the first stage of the nC;H,4 ignition pro-
cess. It is observed that the plasma enhancement
is a weak function of the number of pulses, and
the difference is ~5%. This behavior can be attrib-
uted to the “self-acceleration” of the low temper-
ature chain branching after some alkyl radicals,
R, have been generated. As shown in Fig. 5, the
alkyl radical triggers an exothermic cycle through
the formation of RO,, which isomerizes and adds
another O, to form alkylperoxide O,ROOH, fol-
lowed by partial decomposition to smaller hydro-
carbons, aldehydes and radical species such as OH
and HO, [28,29]. These radicals further accelerate
the initial H abstraction step, thereby creating a
positive feedback loop. The nanosecond plasma
acts as a catalyst by providing a small amount
of seed radicals to initiate this “self-accelerating”
process, and the quantity of radicals introduced
initially is not of critical importance. A small
amount of radical addition at low temperature
conditions can dramatically change the time scales
of low temperature kinetics.

The ignition delay time for nC;H;¢ comprises
the initiation time for the first-stage temperature
rise and the intermediate induction period prior
to the thermal explosion. The effect of the equiva-
lence ratio on the plasma enhancement is shown
in Fig. 6(a), which depicts the temperature rise
at the center of the discharge gap as a function
of time. The simulations were conducted at
600 K and 20.3 kPa with ¢ =0.5, 0.75, 1.0, 1.25
and 1.5, respectively. In each case, 5 discharge
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Fig. 4. Temporal evolution of temperature at the center
of the discharge gap for cases with no plasma (auto-
ignition), and for 2, 4, 6 and 8 discharge pulses applied
at the beginning of the corresponding simulations (¢
=1.0, P =20.3kPa, and T = 600 K).
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Fig. 5. Path flux analysis describing the first stage heat release. (a) nC;H 4 consumption, (b) OH and H formation, and
(¢) O production and consumption pathways (¢ = 1.0, P =20.3 kPa, and 7 = 600 K).

pulses were applied at the beginning of the simu-
lation. The corresponding auto-ignition curves
are also shown for comparison. The plasma
enhancement of the 1st stage is identical in each
case, suggesting that the addition of radicals has
a strong impact on the initiation time, irrespective
of the equivalence ratio. It is worth noting that the
temperature rise at the first ignition stage is higher
in the case of rich mixtures. This behavior can be
attributed to the large number of fuel molecules
undergoing exothermic isomerization and decom-
position reactions at higher equivalence ratios.
The overall ignition delay is shorter for rich mix-
tures, regardless of plasma, because of the smaller
induction period after the first-stage temperature
rise. To further clarify the discussion, Fig. 6(b)
shows the first- and second-stage ignition delay
times as a function of equivalence ratio, for iden-
tical operating conditions as in Fig. 6(a). It is evi-
dent that application of 5 ns voltage pulses at the
beginning of the simulation significantly reduces
the first-stage ignition delay, and the magnitude
is independent of the equivalence ratio. On the
other hand, the discharge pulses applied at the
beginning have negligible impact on the second-
stage ignition delay.

Since the kinetic reaction pathways of nC;H;¢
are highly temperature sensitive, the plasma
enhancement is also studied at different initial
temperature conditions. Figure. 7 shows the tem-
perature evolution at the center of the discharge
gap with initial temperatures of 550, 575, 600
and 650 K, respectively. The simulations were
conducted for stoichiometric nC,;H;4—air mixtures
at 20.3 kPa. The corresponding auto-ignition
curves are also shown for comparison. At 550 K,
the initiation time for the first-stage temperature
rise constitutes a major portion of the overall igni-
tion delay. In this case, application of only 5 dis-
charge pulses at the beginning reduces the ignition
delay by 70%, from 4.5 to 1.5 s. With increase in
initial temperature, the initiation time decreases
but the induction period increases. Hence, the
impact of plasma in terms of percentage reduction
in the ignition delay decreases. At a higher initial
temperature (above 650 K), the initiation time is
negligible compared to the ignition delay. Appli-
cation of nanosecond discharge pulses at the
beginning has negligible impact under this condi-
tion. It is of interest to understand the effect of
discharge pulses after the first-stage heat release
on the overall ignition delay times.
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Fig. 6. (a) Temporal evolution of temperature, and (b)
ignition delay times at the center of the discharge gap
with and without 5 discharge pulses applied at the
beginning of the corresponding simulations at 20.3 kPa
and 600 K for ¢ =0.5, 0.75, 1.0, 1.25 and 1.5.
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Fig. 7. Temporal evolution of temperature at the center
of the discharge gap with and without 5 discharge pulses
applied at the beginning of the corresponding simula-
tions at 20.3kPa and ¢ =1.0 for initial 7= 550K,
575K, 600 K and 650 K.

3.3. Effect of staggered application of nanosecond
pulses on Ignition of nC,H s

A staggered application of discharge pulses is
found to have the greatest effect on the ignition
delay time at low initial temperatures (below
800 K). A few pulses (2-6) are first applied at
the beginning of the event, and the high voltage

pulser is then switched off. The seed radicals gen-
erated by the plasma greatly accelerate the first-
stage temperature rise. At this juncture, the pulser
is switched on and a larger number of discharge
pulses (5-20) are applied to further reduce the
induction time of nC,;H ¢ ignition.

Figure 8 shows the temperature evolution at
the center of the discharge gap, demonstrating
the effect of staggered application of discharge
pulses on the ignition delay. All the simulations
were conducted for a stoichiometric nC;H,g-air
mixture at an initial pressure and temperature of
20.3 kPa and 600 K, respectively. For compari-
son, the temperature evolution without plasma
(auto ignition) and with 5 discharge pulses applied
at the beginning are included. The staggered puls-
ing consists of 5 pulses applied at the beginning,
with the remaining pulses applied at 0.2 s after
the first-stage temperature rise. Application of 6,
8 and 10 pulses in a staggered mode reduces the
ignition delay by approximately 3%, 5% and
10%, respectively. This behavior suggests that
the second- stage of the nC;H ¢ ignition process
is sensitive to the number of pulses in the burst
(applied after the first stage).

Figure 9 shows the temperature evolution at
the center of the discharge domain with 15 voltage
pulses applied at the beginning, after the first igni-
tion stage, and in a staggered mode, respectively.
The auto-ignition curve is also included for com-
parison. All the simulations were conducted for
a stoichiometric nC;H g—air mixture at an initial
pressure and temperature of 20.3 kPa and 600 K,
respectively. The effect of nanosecond discharges
on the two-stage ignition process is highly depen-
dent on how the voltage pulses are distributed in
time. Application of 15 pulses at the beginning
reduces the first-stage ignition delay by a factor
of 10, but the overall ignition delay time drops
only by 10% as compared to the auto-ignition

20
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15 =—— b pulfies'a't start
— auto ignition

Temperature (100 K)

Time (s)

Fig. 8. Temporal evolution of temperature at the center
of the discharge gap for case with no plasma (auto —
ignition), 5 pulses applied at beginning, and staggered
application of 6, 8 and 10 pulses, respectively (¢ = 1.0,
P =20.3kPa, and T = 600 K).
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Fig. 9. Temporal evolution of temperature at the center
of the discharge gap for cases with no plasma (auto —
ignition), 15 pulses applied at the start, after 1st stage,
and in a staggered mode. An additional case without
NOy kinetics is shown for staggered application of 15
pulses (¢ = 1.0, P =20.3 kPa, and 7= 600 K).

case. This can be attributed to the fact that the
plasma has no impact on the long induction
period after the first stage. On the other hand,
application of the 15 discharge pulses after the
first-stage temperature rise has an immediate
impact on the induction period, and decreases
the second-stage ignition delay by about 20%.
The staggered application of 15 discharge pulses
is most optimal and results in 30% reduction in
the ignition delay as compared to the auto-ignition
case.

Further analysis suggests that the plasma effect
after the first-stage ignition is primarily thermal.
For comparison, the result for 15 pulse thermal
heating is included in Fig. 9. Five nonequilibrium
discharge pulses are applied at 1 =0, and thermal
energy equivalent to the remaining 10 pulses is
added after the first-stage ignition within the same
time span. An additional source term is intro-
duced in the energy equation whose magnitude
is equal to the rate of energy addition in the case
of a nonequilibrium discharge pulse. It is evident
that thermal heating produces ignition delay sim-
ilar to that with staggered application of 15 dis-
charge pulses. Quenching of excited species and
recombination of radicals generated by the
plasma leads to a temperature rise of ~0.8 K/
pulse. Application of 10ns pulses during the
induction period gives rise to a temperature rise
of ~8 K within 0.5 ms. Higher temperatures pro-
mote faster decomposition of H,O, to OH radi-
cals. It is for this reason that increasing the

number of pulses (increasing the heating rate)
has a direct impact on reducing the induction
time.

The energy added during each pulse is nearly
the same (0.4-0.6 mJ). In the staggered mode,
the time interval between two pulse bursts is
0.2 s. Ions generated in the first burst completely
recombine before the beginning of the second
burst. The plasma thermal effect can be attributed
to the fast heat release from quenching of excited
species generated during each pulse. Application
of the same amount of thermal energy as that cou-
pled during the discharge pulses before the first
stage has negligible impact on the ignition delay.
For example, the total energy of 15 pulse dis-
charge is equivalent to that of a temperature rise
of ~12 K. The initial temperature was raised arti-
ficially by 12 K, thereby resulting in a negligible
reduction in the ignition delay.

The importance of including low temperature
NO, kinetics like reactions 4-7 is also shown in
Fig. 9 for staggered application of 15 discharge
pulses. Removing NO and NO, based reactions
from the chemistry mechanism results in ~10%
increase in the ignition delay. As mentioned in
Section 2.4, nanosecond discharge pulses generate
NO through reactions 1-3, whose rates are inde-
pendent of the gas temperature. An analysis of
reaction pathways (see Fig. 6) suggests that under
low temperature conditions, nearly 86% of NO is
consumed in reaction 4 with the remaining via
reaction 5, to produce OH, which significantly
accelerates H abstraction reactions of fuel mole-
cules at low temperatures. The quantity of NO
generated is proportional to the number of dis-
charge pulses (approximately 1 ppm/pulse).
Application of a larger number of pulses (50—
100) may increase the NO concentration and the
associated low-temperature catalytic effect will
be more pronounced.

4. Conclusion

The effect of non-equilibrium, nanosecond
pulsed plasma discharges on the ignition charac-
teristics of nC;H;4 in air was studied by means
of a self-consistent numerical analysis at a reduced
pressure of 20.3 kPa. The plasma generated radi-
cals initiated and significantly accelerated the H
abstraction reaction from fuel molecules and trig-
gered a “self-accelerating” feedback loop via low-
temperature kinetic pathways. This behavior is in
contrast to the reduction of the ignition delay of
C,—Cs hydrocarbons by nonequilibrium dis-
charges, which has been attributed to the breaking
of C-C bonds by the plasma generated radicals
[16]. Application of only a few discharge pulses
at the beginning was sufficient to reduce the initi-
ation time of the first-stage temperature rise by
a factor of 10. The plasma effect on the low
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temperature chemistry was independent of the
equivalence ratio, but was more pronounced at
lower initial temperatures (550-650 K). A stag-
gered application of discharge pulses (a few pulses
at the beginning and a larger number of pulses
immediately after the first-stage temperature rise)
was found to be optimal, reducing the ignition
delay by nearly 40%. The plasma effect after the
first stage was shown to be predominantly ther-
mal. Temperature rise, introduced by quenching
of excited species, radical induced fuel oxidation
and radical/ion—electron recombination, acceler-
ated the decomposition of H,O, and reduced the
induction period before ignition. NO produced
by plasma pulses reacted with HO, to generate
OH, which accelerated the low temperature
nC;H ¢ ignition.

This work also demonstrated that non-
equilibrium plasma can dramatically modify the
time scales of fuel kinetics, and therefore can be
used to control the ignition timing for advanced
engine technologies.
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