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PUISED PLASMA JET IGNITERS: SPECIES MEASUREMENTS IN METHANE COMBUSTION

John A. Cavolowsky, Pierre R. Breber, Antoni K. Oppenheim, and Donald Iucas

Applied Science Division
Lawrence Berkeley Laboratory
University of California
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ABSTRACT

We have determined the mole fractions of the
chemical spec1es present in the plume of a pulsed
plasma jet igniter during the ignition and subse-
quent combustion of methane/oxygen/nitrogen and
methane/oxygen/argon mixtures. Equivalence ratios
of 1.0, 0.6, and 0.4 were used in the jet cavity
and in the main combustion chamber to obtain re-
sults for both combusting and non-combusting
cases.

INTRODUCTION

The ability of pulsed plasma jets to enhance
ignition and combustion of mixtures difficult to
burn has long been attributed to the presence of
radical species in the jet plume. Species such as
H, N, O, and CH were suspected to be in sufficien-
tly high concentrations to account for the cbserv-
ed decrease in ignition delay and a concomitant
increase in burnmg rate. However, little quanti-
tative species concentration data has been
obtained.

Recent studies have employed molecular beam
mass spectrometry (MBMS) to nieasure stable and
radical species in pulsed jets. In this paper
we continue our study of pulsed plasma jets using
MBMS with quantitative data on the concentrations
of numerous species during the ignition and combu-
stion of methane/oxygen mixtures diluted with

nitrogen and argon.
EXPERIMENT

The pulsed plasma jet igniter and the molecu-
lar beam mass spectrometer system have been des-
cribed previously3 4, This same system was used
previously to determine the nature of nitrogen and
air plasmas, the extent of dilution of the plume
by ambient gases, and gas temperatures. The data
reduction methods developed in those studies are

used presently to obtain quantitative concentra-.

tions. Species measured in this study are N5, N,
NO, N,0, H, Hy, O,, Ar, CH,, CO, CyHg, CO,, OH,
and H,0.

The igniter was located in the bottom of a
cylindrical constant volume cell with a diameter
of 6.3 cm and a height of 3.6 cm, equipped with a

_piezotron pressure transducer. All measurements

were made on the jet centerline at an igniter/sam-
pling cone separation distance of 4 mm and at an
initial gas pressure of 400 torr. Equivalence
ratios studied were 0.4, 0.6, and 1.0 using argon
as the diluent, and 0.6 and 1.0 using nitrogen,
with the same gas mixture in the jet cavity and
main combustion chamber.

RESULTS

Reactants, products, and intermediate species
were measured over a range of equivalence ratios.
Argon was used as the diluent gas in place of
nitrogen in many experiments to allow measurement
of CO, CO,, and N50. The nitrogen diluted mixture
would cons:Lstently ignite and burn until the equi-
valence ratio was reduced to 0.6, while it was
necessary to lower to 0.4 in the argon diluted
case to achieve the same result. Typical pressure
traces from several of the mixtures used are pre-
sented in Fig. 1. Mole fractions for many of the
species measured using nitrogen as the diluent at
6 = 1.0 are presented in Fig. 2. These results
are the first quantitative species measurements
from the plasma jet and ensuing combustion. To
separate the species present in the jet plume from
these produced by combustion of the bulk of the
mixture in the cell, measurements were made at
longer times, up to 50 msec. Results for the
nitrogen diluted mixture at 6 = 1.0 are shown in
Fig. 3.

DISCUSSION

Results presented in Fig. 1 indicate that the
significant pressure rise occurs after 5 msec for
all mixtures that burn. Thus we believe that the
concentrations presented in Fig. 2, at times < 2.5
msec, are representative of the species resulting
from the plasma cavity gas and the reactions in
the plume which subsequently lead to ignition of
the bulk mixture. This hypothesis is supported by
many of the mass features ocbserved and descrlbed
below.




While it not possible to separate O from CH, 0. 15

in our quadrupole mass spectrometer, we assume | { ]
that the methane is at a significantly higher 0.10
concentration than oxygen atoms, and the mass 16
signal is essentially that from CH,. We previous- 0.0S
ly discovered that the gas from the jet cavity was
diluted an order of magnitude by entrainment of 0.00
ambient gas at distances as short as 4 mm from ] ] |
the igniter orifice®. If reactions did not occur 0. 30
outside of the plasma cavity the CH, signal would z ! ! !
remain constant (to within 10%) because of the T 0. 20k 0z |
entrainment. The results, Fig. 2, show signifi- < N
cant changes in the 1.0 to 1.5 msec region, indi- £ o 10 N :
cating that the CH, is rapidly reacting in the jet uw .
prior to combustion in the bulk mixture. The CH 2 0.0l N
originates both from the gas in the plasma cavity ! L ! &
and the bulk combustion chamber. This is a criti-. 0.10 T T T
cal finding since it indicates that the species
found early in the plasma jet are not necessarily co2
formed directly in the plasma cavity, and that the 0.05
mechanism by which ignition occurs using pulsed
plasma jets is significantly different from
conventional spark ignition. 0.00
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Fig. 1. Pressure transducer signals for mixtures B PARY .
ignited by the plasma Jjet o000 T e i g
] ] ]
The fundamental hydrocarbon oxidation mecha- 0.20 T T T
nism assumes that H atoms and OH molecules are H20
necessary for the success of plasma jet igniters W
as enhanced ignition devices. Both of these spe- 0. 10 , u
cies are found in significant quantities for all
equivalence ratios in the early stages of jet 0.00--. B
formation. Hydrogen atoms are found to reach a ] 1 i
maximum mole fraction of 0.01, with the concentra- 0.005
tion decreasing as the equivalence ratio is low-. e T I I
ered. Hydrogen molecules are measured at compar- ~ N
able levels, but they appear slightly later in 0. 003k .o I
time and persist several hundred microseconds L
longer. Hydroxyl radical also reach a maximum = . ‘4-‘,' \
mole fraction of almost 0.01; however, while H and 2 0. oools _'-' \W
H,y, are short lived, OH reaches a peak v.:: .0 | 1 ]
concentration at the same time as those species & 4.010
and is detected throughout the plume and main w ! ' !
chamber reaction. While the levels of H and CH a8 fb" NO
are indeed sufficient to enhance ignition and = 0. 005} . ‘\_ -
combustion, it is not clear that these - e f '
concentrations are significantly greater than : e W RO
those encountered during conventional combustion. - 0. 000femst 2w ¥ | | | =
It should be noted that the methyl radical 500 4 1000 1500 2000 2500
could not be detected at the concentrations ex- TIME / MICROSECONDS
pected in these systems. Cracking of methane in Fig. 2. Mole fractions measured for the
the ionizer tended to mask the CH, signal, and combustion of CH,/0,/N, at 8 = 1.0 (short time
increase the minimum detectable level. However, scale). Arrow denotes time of igniter firing.
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methyl radicals are expected to be consumed rapid-
ly by reaction with 05, and by recombination to
form ethane. Ethane is measured at levels near
300 ppm, confirming the existence of CH;. Overlap
of the NO signal prevented measurement of ethane
in the nitrogen containing systems.

Nitrogen atom and NO levels appear to he
similar to those observed in pure air placsmas©.
However, no measurable quantities of metastable
nitrogen were detected in any of the mixtures
studied. Stable products of combustion, H,0 and
00,, reach a maximum several hundred microseconds
after the peaks of the combustion intermediates.
This timing difference implies that a smaller
fraction of the stable prcducts are formed in the
plasma cavity than either the intermediates or the
incomplete products of combustion such as CO.
When combustion does occur in the bulk gas the
concentrations of H,0 and CO, cbserved early in
the plume remains nearly cons%'a.nt until they in-
crease at the time the bulk mixture ignites and
burns, as shown in Fig. 4. When the bulk gas does
not burn this later rise is not observed. As
expected, the amount of CO, and H,0 are greatest
for the stoichiometric case, and decrease with de-
creasing equivalence ratio.
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Fig. 3. Mass signals measured for the combustion
of CHy/0,/N5 at 8 = 1.0 (long time scale)

Nitrous oxide is difficult to measure direct-
ly due to mass interference from CO, and ioniza-
tion energies that differ by only 1 eV. Concen-
trations can be estimated from the argon diluent
experiments, where no N,O can be formed. Compari-
son with the nitrogen diluted cases results in an

2.J. A.

N,0 concentration in the vicinity of 0.01. These
levels are observed only at equivalence ratios for
which bulk combustion deoes not occur, suggesting
that the reactions which destroy N,0 are quenched
for these conditions. Since no N,0 was detected
in the pure air plasma, it is possible that the
nitrogen chemistry is significantly affected by
the presence of the hydrocarbons.

CONCLUSTONS

We have presented the first quantitative
species measurements from the plume of a pulsed
plasma jet. It is evident that the species mea-
sured in the plume 4 mm from the jet orifice are
not produced solely in the plasma cavity dis-
charge, but result from significant entrainment
and reaction in the plume. Ignition and combus-
tion in the bulk gas occurs at a much later time.
Peak radical concentrations are in the percent
range, but there is no evidence that a single spe-
cies is responsible for the enhanced ignition
properties of the plasma jet.
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Fig. 4. Water mole fraction for combu;ting and
non-combusting mixtures (argon diluent).
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