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ABSTRACT

Rise and delay times of mixtures of
methane, propane, n-butane, iso-butane and iso-
octane mixed with air ignited by transient plasma
discharge were investigated and compared with
spark discharge ignition. Multi-ignition site
effect and high electron energy are suggested to
contribute to shortening of rise and delay times.

INTRODUCTION

The spark discharge has been the
preferred ignition source for most propulsion and
automotive combustion engines for over 100
years. It has many advantages including
simplicity, low cost, size and weight, and it
produces sufficiently high temperatures to
partially dissociate and ionize most fuel and
oxidant molecules. Nevertheless, it has
numerous limitations including limited discharge
size, necessity for intrusive supporting
electrodes, and low "wall-plug" efficiency (ratio
of energy deposited in the gas to electrical
energy consumed to produce the discharge.)
Consequently, ignition by laser sources has been
pursued 2. Still, laser sources present practical
difficulties including optical access, extremely
low wall-plug efficiency, and extremely high
optical intensities needed to induced gas
breakdown that makes controlling the discharge
location and energy difficult.

This work utilizes transient plasma or
pulsed corona discharges for flame ignition.
These discharges comprise the early transient
phases of high-voltage electric discharges that
precede the quasi-steady arc phase, which
persists until the electric field is removed.
Pulsed corona discharges are terminated before
the arc phase begins. Such discharges cannot be
produced by conventional ignition systems.
Moreover, the ignition method examined here is

entirely different from "plasma jets"' whereby
spark are discharged in a prechamber (sometimes
containing different reactants) and radials/ions
thereby generated expand via gasdynamics into
the main combustion chamber. Our system has
no prechamber or auxiliary reactants.

Flame ignition by pulsed corona
discharge or by similar high voltage (typically
10s KV) short pulse width (typically 10-100 ns)
has been reported *'°. In this paper, combustion
performance of various fuels including methane,
propane, iso-butane, n-butane and iso-octane
mixed with air and ignited by pulsed corona
discharge will be presented and compared with
spark discharge ignition. Possible mechanism
will be suggested and discussed.

EXPERIMENT SETUP AND RESULTS

Experiments were carried out in a test
cylinder of 2.5” ID and 6” length with a high
voltage electrode along central axis as anode and
a grounded outer cylinder as cathode. A pulse
power generator provided electric pulses with 60
KV maximum voltage.l J maximum pulse
energy and 100ns pulse width. High voltage
pulse generator consisted of thyratron, Blumlein
transmission line and transformer. The special
electrode structure and short pulse width are
intended to make the discharge a pulsed corona
discharge with no arc discharge involved. For
comparison, a spark discharge gap was used
which has a Imm separation and located either at
the center or on the end plate of the combustion
chamber.

. A pressure transducer (Omega
PX4201) with 0.2ms response time was adopted
along with a digital oscilloscope (Tektronix TDS
420A) to measure pressure waveform. Delay
time (defined as the time laps between trig and



pressure rises to 10% of its total pressure rise),
rise time (defined as the time laps between
pressure rises to 10% and 90% of its total
pressure rise) and peak pressure were measured
from pressure waveforms.

File:030813

70 T T
e Tme | CHAAT
—_ elay Time (ms, Equivalence ratio: 1.0
g 60| © + Rise Time (ms) P=1 atm. ]
- N Rod-cylinder electrode
GE, 50 F++ +, Rod diameter: 0.155'
= 40 ]
(]
2
£ s "« .
— A
(]
= 20 |, ;?( o+ x g
E X % ox :2* + oy
8 10 | ¥ X Xy X 7]
0
0 100 200 300 400 500 600 700
Enerayv (mJ/pulse)
Fig.1 Delay and rise times versus energy.
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Figurel shows a typical delay and rise
times versus energy of stoichiometric CH4/Air
mixture with a rod-cylinder electrode (rod
diameter: 0.155”). As energy increasing, delay
time decreases slightly but rise time changes
rapidly with increasing energy. At low energy,
rise times are longer and scatter. There is an
energy value (e.g. 350 mJ in Fig.1) above this
value, rise time has its smallest value and almost
constant, below this value, rise times are
relatively long and scatter. This is “optimum
energy”’ because it produces shortest stable rise
time with lowest energy. Optimum energy is
higher for leaner mixtures.

Figures 2a,b show delay time and rise
time, respectively, for corona-ignited and spark-
ignited CHy-air flames at varying equivalence
ratios. Single pin electrode was used for corona
discharge. Therefore, both pulsed corona and
spark discharge had only one ignition site. In
addition, energies were chosen the same for both
types of discharges. In this identical ignition site
number and identical energy case, delay time of
pulsed corona ignition is significantly lower than
that of spark discharge (Fig. 2a), implying there
must be another factor, which can significantly
affects delay time. As for rise time, if ignition
site numbers and energy are the same, there is no

big difference between corona and spark
discharges (Fig.2b). But if multi-ignition site
electrode are used, rise time can be significantly
shortened. For example, 4 ring x 2 pin electrode
(Fig.2b) can shorten rise time by a factor of 3
compared to spark discharge.
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Fig.2a Delay time versus equivalence
ratio for pulsed corona with 1, 4 x 2 electrode
and spark discharges.
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Fig.2b Rise time versus equivalence
ratio for pulsed corona with 1, 4 x 2 electrode
and spark discharges

Figure 3 shows pressure effects on rise
time for propane-air mixtures. Atmospheric
pressure data show trends similar to methane-air,
with rise times for corona discharges still
typically 3x smaller than for sparks, although the
increase in rise time as equivalence ratio
decreases occurs at higher equivalence ratio. For
higher pressures, the advantage of corona
discharges vs. spark discharges is maintained to
lower equivalence ratios.

To examine chemical effects, n-butane
and iso-butane fuels were compared. These have
nearly identical transport properties, heating
values and burning velocities but n-butane has



four secondary C-H bonds and no tertiary C-H
bonds whereas iso-butane has no secondary C-H
bonds and one tertiary C-H bond. Tertiary C-H
bonds are weaker than secondary bonds, which
are weaker than primary bonds; effects of bond
strengths on ignition of non-ionized mixtures are
well known'. Figure 4 shows that spark and
corona discharges show the same trends with
changing equivalence ratio even though these
trends are somewhat different for n-butane vs.
iso-butane; either n-butane or iso-butane may
yield lower rise times depending on equivalence
ratio.
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Fig.3  Rise times of corona-ignited (plain
electrode) and spark-ignited (central ignition)
C;Hg/Air flames at 1 atm. as a function of
equivalence ratio and pressure
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Fig.3 Rise times of corona-ignited (plain
electrode) and spark-ignited (central ignition) n-
C4H,o/Air and iso- C4H,¢/Air flames at 1 atm. as
a function of equivalence ratio. Delay times (not
shown) were nearly identical for all 4 cases.
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Fig.6  Delay time versus equivalence ratio of
iSO-Cngg/Air

Iso-octane-air mixtures showed
behavior similar to the other fuels. As shown in
Figs.5 and 6, over a wide range of equivalence
ratio (0.8-1.4) and initial pressures (0.2-1.0 atm),
the delay time and the rise time of pulsed corona
ignited flames are shorter than that of spark
ignited flames.

To compare ignition behavior between
pulsed corona and spark discharges more
explicitly, an improvement factor of delay time
(rise time) was defined as the ratio between
delay times (rise times) of flame ignited by spark
discharge and pulsed corona discharge. For
methane-air mixture, the average values of
improvement factors of delay time and rise time
over equivalence ratio range of 0.7-1.2 are 3.0
and 3.8, respectively. For iso-octane-air, they are
2.5 and 2.4, respectively, over equivalence ratio
range of 0.9 to 1.4.



Low pressure ignition limit , defined as
the lowest pressure under which flame is
ignitable in our particular pulsed corona
discharge ignition device, for both methane-air
and iso-octane-air, are 0.1 atm in the
stoichiometric case and varies from 0.latm. to
0.4 atm. in equivalence ratio range from 0.7 to
1.4 for methane-air or from 0.1atm. to 0.2atm. in
equivalence ratio range from 0.8 to 1.4 for iso-
octane-air.(Fig. 7). That might be of interest for
high altitude relight applications.

DISCUSSION

Experiments show that corona discharge
ignition provides shorter (by typically 3x) delay
and rise times than flames ignited by spark
discharge, even at the most favorable spark
location. There are at least two possible reasons:
geometrical and chemical.

Geometrical advantages of pulsed corona
ignition probably exist because pulsed corona
discharge creates several hundred discharge
channels filling the chamber volume compared
to one unnecessarily intense channel for spark.
If a significant fraction of these channels produce
successful ignition kernels, the distance and time
each kernel must travel to consume its share of
combustible mixture is greatly reduced compared
to single spark, thus delay and rise times are
decreased.

Another possible advantage of corona
discharges is, as mentioned earlier, the probable
higher initial concentration of radicals. As shown
in Fig. 2a., in case of identical ignition site
number and energy, pulsed corona discharge
produce significantly shorter delay time than
spark discharge. That might be due to the higher
radical producing efficiency of high energy
electrons of corona discharge. This chemical
factor mainly affect delay time but not rise time.
Additionally, n-butane and iso-butane rise times
(Fig. 4) follow the trends of their respective
spark comparisons — even though the trends are
different for the two fuels. This also indicates
minor special chemical influence of corona
discharges.
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Fig. 8 Low ignition limit versus equivalence
ratio of iso-CgHg/Air.

The existence of “optimal energy”, above
which rise time reaches its shortest value and
nearly independent of pulse energy and below
which it is long and scatter could be explained as
follows. Experiments show that the number of
channels is relatively independent of pulse
energy. A "minimum streamer energy" (or
perhaps minimum energy per unit length) for
ignition probably exists, analogous minimum
ignition energies for conventional spark. At low
energies only a few of these channels contain
enough energy to initiate successful flame
kernels. Therefore rise time tends to be longer
and the values of the rise times are scatter
because the locations of these discharge channels
change irregularly. =~ With increasing pulse
energy, more channels can initiate kernels,
causing shorter and shorter rise time. Above
some pulse energy, most channels (or perhaps a
constant fraction of channels) can initiate
kernels, thus further pulse energy increases have
little effect on rise time, and rise time values
become stable.

These results suggest the following simple
mechanism of corona ignition. Corona
discharges yield shorter rise times by creating
more distributed ignition sites within the gas.
High energy electrons of corona discharge
produce more radicals resulting shorter delay
time. For fixed geometry, the streamer pattern is
nearly independent of pulse energy. Rise times
are determined primarily by the fraction of
streamers containing sufficient energy for
ignition. With low energy, only a few discharge
channels have enough energy density to ignite
flame and their location is irregular, resulting
longer and scatter rise time values. With
optimum energy, the number of discharge
channels which are capable to ignite flame is

1.5



large enough that further increasing of this
number will not shorten or stable rise time
further. High electron energy of corona discharge
produces more radicals resulting shortening of
delay time.
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