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Nitric Oxide Formation in a Premixed Flame With
High-Level Plasma Energy Coupling

Xing Rao, Igor B. Matveev, and Tonghun Lee

Abstract—This paper presents quantitative planar laser-
induced fluorescence (PLIF) imaging of nitric oxide (NO) in a
transient-arc direct-current plasmatron igniter using premixed
air/fuel mixtures. Quantitative measurements of NO are reported
as a function of gas flow rate (20–50 standard cubic feet per
hour), plasma power (100–900 mA, 150–750 W), and equivalence
ratio (0.7–1.3). Images were corrected for temperature effects by
using 2-D temperature field measurements obtained with infrared
thermometry and calibrated by a more accurate multiline fitting
technique. The signals were then quantified using an NO addition
method and spectroscopic laser-induced fluorescence modeling
of NO. NO PLIF images and single-point NO concentrations
are presented for both plasma-discharge-only and methane/air
plasma-enhanced combustion cases. NO formation occurs pre-
dominantly through N2(v) + O → NO + N for the plasma-
discharge-only case without combustion. The NO concentration
for the plasma-enhanced combustion case (500–3500 ppm) was
an order of magnitude less than the plasma-discharge-only case
(8000–15 000 ppm) due to the reduction of plasma reactions by the
methane. Experiments show the linear decay of NO from equiv-
alence ratio 0.8–1.2 under the same flow condition and discharge
current.

Index Terms—Nitric oxide (NO), plasma torch, plasma-assisted
combustion.

I. INTRODUCTION

D EVELOPMENT and investigation of nonequilibrium
plasma discharge for enhancing combustion is receiving

increased attention due to its potential application to a variety
of problems such as finding a more efficient method of fossil
fuel combustion, conversion of low-grade fuels into higher
grade fuels, and reduction of pollution through ultralean burn
combustion [1], [2]. Advantages of combining plasma dis-
charge with thermal oxidation include faster and more intense
chemical energy conversion, increased stability in the lean
flammability limit, reduction of pollution by altering oxidation
byproducts, improved fuel efficiency through more complete
combustion, more reliable and rapid ignition, and stable fuel
oxidation across a broader range of pressures and temperatures
[3]–[8].
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Addition of electromagnetic energy can alter the reaction
mechanisms by the following: 1) decomposition of the fuel
gas from larger to smaller hydrocarbon molecules and radicals
via the electron gas with temperature Te; 2) radiation-induced
electron excitation; 3) increased flame temperature by ohmic
heating, which increases the rates of reaction and transport;
and 4) increased ion/electrons on key radical initiation and
propagation reactions. Recently, Kim et al. [9], [10] have
shown that fuel reforming into syngas plays a dominant role
in stabilization of flames in the presence of a nonequilibrium
discharge. A number of different plasma discharges, including
thermal plasma discharge [11], dielectric barrier discharge [5],
nanosecond pulsed discharge [12], pulsed corona discharge
[13], radio frequency discharge [14], dc or low-frequency al-
ternating current discharge [15], and plasmatron [3], gliding
arc [16], and microwave discharge [17], have been investigated
for enhancing high-temperature thermal oxidation. A more
extensive review is available in [1].

Coupling high-temperature reactive flows with a nonequilib-
rium plasma discharge can lead to significant changes in the
formation of nitric oxide (NO), one of the most problematic
combustion effluents and a critical design parameter for all
practical combustion systems. The key mechanisms involved
in the NO chemistry for plasma discharges and methane flames
are shown in Table I. Generally, NO formation in conventional
combustion is due to four main processes [18], [19]: 1) thermal
(Zeldovich) mechanism, which occurs at high temperatures
because of the high energy required for dissociation of the ni-
trogen molecule (reactions 1, 2, and 3); 2) prompt mechanisms
with important intermediate species HCN and NH (reactions 4
and 5); 3) N2O mechanism, which involves third body collision
(reactions 6, 7, and 9); and 4) fuel-bound nitrogen mechanism,
where nitrogen is supplied from the fuel itself. NO can also be
removed by reacting with hydrocarbon radicals in rich flame
through a process known as “NO reburn” [20], of which some
of the key reactions are also listed in Table I. A slight increase
of hydrocarbons in a rich flame can lead to a drastic increase
in the reduction of NO. Atomic and molecular excited states
reactions also play an important role in formation and reduction
of NO [21], [22], and related reactions are shown in Table I.

In the case where no combustion is involved and there is
only a plasma discharge, formation of NO from air varies,
depending on the discharge system. For example, reaction 14
can be the principal NO formation pathway in pulsed dis-
charge with shorter time scales (10−8−10−6 s) [23], while
reaction 16 is shown to be dominant in corona discharges [24].
For a variety of reduced electric fields, different percentages
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TABLE I
REACTIONS FOR NO FORMATION IN METHANE/AIR FLAME IN PLASMA

of energy deposition into air go to elastic losses, ionization,
N2/O2 electronic states, and N2/O2 vibration [25], resulting
in different pathways for NO formation.

In plasma-assisted combustion, analysis of the NO forma-
tion mechanism becomes difficult to determine as energy dis-
tribution of individual molecules can deviate from thermal
equilibrium and the relationship between the NO production
and deposition of heat is unclear. More importantly, the high
electron density generated by the electric field gives rise to
new electron and ion impact processes that can enhance the
propagation and branching of radicals and ultimately accelerate
NO production. NO formation in plasma-assisted combustion
could be formed both from the thermal mechanism due to
high combustion temperature and plasma particle reactions,
particularly reactions 14, 15, and 16 due to the high energy
required for dissociation of nitrogen. As NO formation is a
major concern for all practical combustion systems, accurate
methods of measuring NO formation in the reaction zone is
important to the continued development of plasma-enhanced
combustion systems, and a task that can benefit from the
extensive research is already available on NO formation of both
combustion and plasma systems, respectively.

The main goal of this study is to present and demonstrate
quantitative 2-D imaging of NO concentrations in the reaction
zone of a transient-arc plasmatron igniter over a wide range
of operating conditions using planar laser-induced fluorescence
(PLIF) imaging, as well as to predict the main pathway for
NO formation. This type of igniter is generally a component
of a larger combustion system and plays the role of initiating

Fig. 1. Overall experimental setup with synchronization of lasers, energy
monitor, ICCD camera, spectrometer, and control system.

the combustion chemistry in the main combustor. Analyzing
the NO formation in the main combustor is not a focus of this
study, and the goal is to analyze the NO formation only at the
tip of the igniter, where the coupling between the reaction zone
and the plasma discharge is most pronounced. The conditions in
the igniter are unique as the plasma coupling occurs with high
levels of power (∼10%–50%), and flow speeds are generally
fast and outside the range where a stable flame can be naturally
stabilized. Note that the plasma power in the igniter will only
be a small fraction of the main combustor. The results presented
here are based on our previous conference report [26], with
major improvements in the data analysis and interpretation.

II. EXPERIMENTAL SETUP

A general schematic of the laser diagnostics setup is shown in
Fig. 1. The excitation of NO using A2Σ+−X2Π(0, 0) transition
requires narrowband UV light near 226 nm. The measure-
ments were conducted using a dye laser (Sirah Precisionscan-
LG-2400) with two-stage amplification. Coumarin 450 from
Exciton was used for generating pulses at 452 nm, which
is frequency doubled through a β-BaB2O4 crystal to a final
output frequency of 226.03 nm. Laser pulse energy ranged from
7 to 10 mJ/pulse with a 7-ns pulse duration. The laser is pulsed
at 10 Hz with a final line width of 0.2 cm−1 at 226.03 nm. For
spectrally resolved 1-D imaging of the laser-induced fluores-
cence (LIF) emission, the beam is weakly focused (diameter
∼1.5 mm) along a line 20 mm above the top of the torch.
The pulse energy is recorded digitally using a fast photodiode
(LaVision).

The fluorescence signals were collected at a right angle to
the incident laser beam and focused using an f = 105 mm
f/4.5 achromatic UV lens (UV Nikorr 105), dispersed spectrally
through an imaging spectrometer (Acton SP-2300) and imaged
onto an intensified camera system composed of a intensified
relay optic (LaVision IRO) and charge-coupled device (CCD)
camera (LaVision Imager Intense Pro). The resulting image
shows the laser path propagating through the flame on the
vertical axis and the spectral resolution on the × axis as shown
in Fig. 2 (upper portion). It should be noted that the emission
wavelength region coincides with the emission from the Schu-
mann Runge bands of O2. To quantify this effect, the emission
spectra of NO LIF in Fig. 2 have been separated into various
components using a nonlinear fitting scheme (using numerical
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Fig. 2. Spectrally resolved 1-D line imaging (inset) and the emission spectra
of NO-LIF with 226.03 nm excitation and selected filter function (solid red
line). The emission spectra has contributions from NO, O2, and Rayleigh
scattering.

emission model [27]) and show the potential contribution from
O2. Therefore, selection of an excitation line with minimized
O2 contribution should be considered.

For PLIF imaging, the laser was optically stretched into
a vertical sheet (0.5 × 35 mm) and imaged directed using
the intensified camera with a set of filters for suppression of
Rayleigh scattering.

A high-pass interference filter at 240 nm (Asahi Optics) was
used for suppression of the Rayleigh scattering, and a low-pass
filter at 300 nm (Asahi Optics) was superimposed to cut off
any red shift emission past 290 nm was shown in Fig. 2. It
should be noted that the spectral shape of NO LIF emission
spectra strongly depends on rotational state that NO is excited
to [28], with the upper excited state generally not reaching ther-
mal equilibrium within the fluorescence lifetime. Therefore, to
avoid effects of nonequilibrium excited-state population effects,
broadband detection or one or more complete vibrational bands
is preferred.

The full resolution of our camera was 1024 × 1376, which
was binned 2× on the vertical axis and 2× on the horizontal
axis to provide a resolution of 64 μm by 64 μm resolution
per pixel. All the images were shot with a 50-ns gate as to
exclude any stray emission and room light. To ensure the
spectral accuracy of the laser, scans of neighboring NO lines
were conducted before and after each data set and compared to
a numerical simulations from LIFSim [27] (described in more
detail in Section III-B). No perceivable drift of the wavelength
was detected. Additionally, an IR camera (Flir Phoenix PTS) is
used for imaging temperature fields.

The plasma igniter in this work, as shown in Fig. 3, is a
transient dc discharge system based on the high-voltage-arc
plasmatron [15]. The plasmatron has dimensions of 5 mm inner
and 10 mm outer diameters with an arc chamber distance of
about 2 in. The transient-arc dc system operates on a repet-
itive glow-to-spark transition mode, offering the advantages
of a thermal plasmatron with low average power output and
temperature (Tg < 1200 K in air plasma, ne ∼ 1014−15 cm−3).
During glow-to-spark transition (∼100 ns), a short duration
spark or diffused channel arises. The torch works mainly in

Fig. 3. (a) Imaging and schematic of transient-arc plasmatron with gas/liquid
feeding. (b) Air plasma imaging at 20 SCFH and 300 mA. (c) Plasma-assisted
stoichiometric methane/air imaging at 20 SCFH and 300 mA.

the glow mode with voltage applied to the cathode (inner
electrode) and the surrounding anode. One advantage is that
the electrode erosion is less than traditional dc torches due to
the lower electrode temperature. Therefore, intensive cooling is
not required. Classical dc arc plasmatrons operate using very
high current, while this new plasma igniter/plasmatron uses a
semiglow discharge with random completed or noncompleted
transitions to spark, which results in highly efficient ignition
and flame control with relatively low current and, thus, low
average power. This spark exists for only about 100 ns, also
hence termed as being “transient”.

This plasmatron has shown to increase the flammability
over a wide range of operating conditions. For example, flame
speed with unburned gas temperature of 300 K in a traditional
premixed methane/air flame is SL = 0.40 m/s, which can be
increased by more than threefold with a current of 300 mA.
Fuel/air mixture could be ignited, and combustion can be
stabilized at very lean conditions with oxidation occurring with
an equivalence ratio as low as 0.1, and even lower. The ignition
mechanism is related to the glow-to-spark transition mentioned
above. At the low current glow mode, dissipated energy is not
high enough to initiate the fast oxidation process of the fuel, but
enough to build up a pool of chemically excited species. When
glow-to-spark transition occurs, short duration spark or a dif-
fused channel arises, initiating the ignition process. Even with
the small energy released by the transition spark or diffused
channel, localized energy deposition coupled with chemically
active particles lead to rapid initiation of thermal oxidation.
Both liquid and gas fuel can be fed directly into the arc cham-
ber, allowing for high-efficiency thermal oxidation without
prior hydrocarbon decomposition. In practice, this igniter will
be attached to the main combustor to both initiate ignition and
sustain combustion for propulsion, fuel reformation, and power
generation purposes.

III. RESULTS AND DISCUSSIONS

A. Quantification of NO

Imaging of NO using LIF is a well-established tool in com-
bustion diagnostics [29]. Therefore, we shall omit a detailed
discussion of the relevant spectroscopy except to note that
we are using an excitation at 226.03 nm, which has been
previously noted as being well isolated from interference of
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Fig. 4. NO addition method for determination of the baseline strength and the
nascent NO concentration.

O2 [30], [31], even in high-pressure flames where the problem
is most pronounced. This excitation line, which is composed
of P1 (23.5), Q1 + P21 (14.5), and Q2 + R12 (20.5) tran-
sitions, has a moderate temperature dependence over typical
combustion temperatures between 1700 and 2300 K. In this
section, we focus on the following three other issues of practical
importance: 1) quantification of NO concentration; 2) signal
distortion due to thermal nonequilibrium; and 3) signal distor-
tion due to temperature field imaging.

Quantification of the LIF signal can be a difficult task as it
is dependent not only on NO number density, but also on the
optical setup and potential interference from alternative species.
The approach taken here is to calibrate the signal using a well-
defined flat flame torch using a variable NO seeding method
[32]. The calibration torch is made by fitting a 50-μm sintered
plate into a 1-cm-diameter stainless-steel pipe to stabilize a flat
1-D flame and seed various levels of NO. The LIF is measured
at two different excitation wavelengths, which have minimal
and maximum NO signal strengths, respectively, as illustrated
in Fig. 4. The plot shows a magnified view of the small box
in the inserted graph. The NO addition is varied from 200
to 600 ppm, and NO LIF is detected with excitation at two
different wavelengths. Excitations 1 and 2 refer to two different
excitation wavelengths (λ1: 226.030 nm and λ2: 226.042 nm).

These wavelengths are selected relatively close together in
the target scan range where the baseline intensity, if present,
can be assumed to be constant for a given pressure. After
measuring the total signal at two different wavelengths at
several different NO seeding concentrations, the overall signal
is linearly fit as a function of NO seeding for each of the
excitation wavelengths. These two linear fits are extrapolated to
their intersection yielding the nascent NO concentration and the
value of the baseline signal. Determination of the nascent NO
concentration (and LIF baseline) by this method assumes that
the NO reburn mechanism is first order in NO concentration, as
evidenced by the linearity in Fig. 4. In the stoichiometric and
lean flames studied here with less than 100 ppm NO addition,
the NO reburn is expected to be linear in NO concentration and
of no significant amount [33], [34]. It has also been shown that
temperature in typical flames does not vary (≤ 2%) for NO

Fig. 5. Multiline NO LIF thermometry (126 transitions between 225.975 and
226.1 nm).

additions as large as 1000 ppm [32]. In all the cases, NO is
being weakly excited, and no saturation effects are observed
with our laser power.

B. Temperature Profile

One other effect that can significantly influence the LIF
signal is the nonequilibrium distribution of the rotational states
in the NO. Generally, for most plasma-enhanced combustion
systems at atmospheric pressure, it is assumed that the NO in
the flame region will follow a Boltzmann distribution of the
rotational states and, therefore, in thermal equilibrium. In our
studies, this was tentatively confirmed by comparing signal
strengths from a number of varying rotational states, where
the intensity generally followed the NO concentration within
2%. However, for systems where highly nonequilibrium plasma
energy is coupled at lower pressures, the impact of deviation
from a thermal equilibrium of the rotational energy Erot on the
LIF signal should be considered.

For accurately calibrating the signal intensity for both con-
centration and spatial variation, we need to acquire information
regarding the temperature. It is needed to correct for the temper-
ature variation of the NO LIF signal via the temperature depen-
dence of the laser-excited ground state population, the spectral
overlap between the laser-spectral profile and NO absorption
spectrum, and the fluorescence yield. In this study, we use
IR thermometry for determination of temperature fields, which
measure temperature using gray body radiation (infrared) emit-
ted from reacting gases over the whole viewing area. The
images are then calibrated at a single point using a multiline
NO LIF thermometry [35], which is based on excitation of
multiple transitions by scanning the wavelength of the laser
over a wide spectral region and then fitting the excitation profile
with a numerical simulation. An example of the multiline NO
LIF thermometry method is shown in Fig. 5. This provides
highly accurate temperatures at a single point which can be used
to correct for the less accurate temperature images obtained
through the IR thermometry.

The model used for the fitting is LIFSim [27]. LIFSim is a
multilevel spectroscopic simulation of NO for the A–X transi-
tion during laser absorption and spontaneous fluorescence. It is
particularly well calibrated for the A2Σ+−X2Π(0, 0) transition
where the dates for term energies, transition energies, transition
strengths, collisional line broadening and shifting, quenching,
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Fig. 6. (a) Single-shot NO concentration fields using NO PLIF of gas discharge of air- and plasma-enhanced flames with different plasma power at the same gas
flow rate. (b) Averaged NO concentration fields from NO PLIF (200 images averaged) of plasma-enhanced flames with different plasma power at the same gas
flow rate.

and energy transfer terms are well known. For the use of
LIFSim in our studies, we must assume thermal equilibrium
(or understand subsequent internal energy modes) of the flame,
which can be made as the reaction zone outside the torch is
far from the arc chamber where all the nonequilibrium effects
are dominant. LIFSim is also used to account for temperature
dependence of the LIF signal as will be discussed in the
following sections.

C. PLIF Imaging of NO

Two-dimensional NO PLIF images are taken for discharge
only in air without combustion over a range of flow rates
and discharge powers. For plasma-enhanced methane/air com-
bustion, images are taken as a function of flow rate, dis-
charge power, and equivalence ratio. The laser sheet propagates
through the center of the plasma torch exit, and the emission
is synchronized with the intensified CCD (ICCD) camera. To
correct for the laser energy fluctuations, every image is cali-
brated by the corresponding laser pulse energy, collected using
a fast speed photodiode (LaVision). As the gas flow is turbulent,

200 images were averaged when comparing the NO formation
for different operating conditions. Averaged images also allow
us to accurately calibrate the signal over the imaging field as a
function of temperature by using averaged IR thermometry.

Two-dimensional NO PLIF signal intensity is affected not
only by the laser pulse power, but also by the nonuniformities
in the laser sheet profile and from the spherical aberration of
the lens. Emission from a fluorescent UV glass was used for the
laser sheet corrections, and the spherical aberration is corrected
using an algorithm from the Davis software (LaVision) based
on a preshot grid. Both single-shot and averaged 2-D NO
concentration images from NO PLIF of discharge only in air
as a function of different plasma power and stoichiometric
methane/air flame with different plasma power are shown in
Fig. 6. In both figures, you can observe the two plasma plumes
coming out from either side of the torch.

It can be seen in Fig. 6 that turbulent flows exists in both
discharge-only and plasma-enhanced combustion cases for our
plasmatron. The degree of instability is observed to be more
severe in plasma-discharge-only cases for the same conditions,
as the plasma-assisted combustion is more energetically driven
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Fig. 7. (a) Temperature and (b) NO concentration data at a specific location
of discharge for different power levels and air flow rates in the discharge-only
case in air.

by the additional chemical heat release. For the single-shot
images, it can be seen that the plasma-only case (upper) row
has images that are smoother in quality due to the higher levels
of the NO signal, which results in a higher signal-to-noise ratio.
Additionally, it should be noted that the NO formed near the
flame front is diffused along with the flow and is reduced by
about 30%–40% from the highest concentration to a distance of
2.5 cm from the plasmatron exit.

D. Temperatures and NO Concentrations in Plasma
Discharge Without Combustion

To compare the NO formation between different operating
conditions, we present both temperature and NO concentration
at a specific location in our image as shown in Fig. 7 for
a plasma-discharge-only case. The location was chosen as a
single point in the center of the flame where a stable and high-
temperature region exists due to the convergence of the two
plasma plumes from either side of the torch. To obtain the
temperature at this location, multiline NO LIF thermometry is
used for higher accuracy.

NO concentration in the discharge plasma is quantified by the
following process. First, the NO LIF intensity value (calibrated
for both laser sheet nonuniformity and laser pulse energy) is
taken from an averaged image of 200 laser shorts. Using the
temperature information provided from NO LIF thermometry,
the signal is calibrated for temperature dependence of the NO

excitation by using a multilevel excitation and fluorescence
model, LIFSim [27]. Note that we have verified that we are
in the linear (weak) excitation region and free from saturation
effects. The LIF signal at this point is linear to the number
density of NO (in molecules per cubic centimeter), and we
apply the following relationship to convert it into a mole
fraction based concentration (molecules/total molecules). The
final signal is then quantified using an NO addition method
previously described in Section III-A. We have

ILIF ∼ NNO = XNO × p

kT
. (1)

ILIF is NO LIF signal intensity, NNO is the number density,
and XNO is the mole fraction of NO.

The uncertainty in the temperature measurements affects the
concentration measurements through the mole fraction/number
density correction in equation (1), and also through calibration
of the LIF signal temperature dependence using LIFSim. The
temperature uncertainty is within 1% for our measurement tech-
niques at atmospheric pressure. This is because the quenching
terms in LIFSim for the low temperatures as that in the plasma
discharge has larger errors. The uncertainty associated with
beam energy fluctuation corrections and wavelength shift of the
laser is expected to be is less than 1%. Camera readout error was
suppressed by subtracting a background image taken without
the laser pulse and can be neglected. Another component of
uncertainty comes from the fact that the quenching coefficient
used to determine the LIF strength in LIFSim lacks accuracy at
low temperatures in the discharge-only case (< 5%). Combined
with the errors from the flowmeters and shot noise (due to statis-
tical fluctuation of a finite number of signal photos reaching the
CCD array), the overall uncertainty is expected to be ∼7.4% in
the NO concentration measurements for plasma discharge and
∼4.7% for plasma-assisted combustion.

Fig. 7 shows temperature and NO concentration plots with
different gas flow [20–50 standard cubic feet per hour (SCFH)]
and average current (100–900 mA). The temperature and NO
concentration data are extracted from a region 10 mm from the
top of the plasma torch with an area of 2.56 mm × 2.56 mm
(40 pixel × 40 pixel with resolution of 64 μm× 64 μm per
pixel). The amount of NO production is significantly large due
to the large energy input (200–700 W). As the temperature
range for all conditions lies within 550–1300 K, NO production
from the thermal mechanism is considered to be small in this
low temperature range. Moreover, the system lacks carbon
and hydrogen compounds required for prompt NO production.
Therefore, we can conclude that the possible dominant NO
production mechanism is the electron and excited state species
(i.e., oxygen) impact reactions, which lead to dissociation of
N2 as well as to possible NO formation reactions from N2O.
In Fig. 7(b), NO production increases with current/power and
inversely with air flow. The same general trend is shown in the
temperature plot. As formation of NO from N2O is expected
to increase as temperature is decreased, it seems to be of little
impact here, indicating that the most dominant mechanism for
NO production is the electron, ion, and excited state species
impact reactions.
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TABLE II
ENERGY DATA OF DISCHARGE ONLY IN AIR WITH DIFFERENT CURRENTS

It is apparent in Fig. 7(a) that temperature increases with
current as a result of more energy per volume of gas. At the
same time, temperature drops when the air flow is raised as
the gas resident time in the discharge is reduced, leading to
fewer collisions between excited particles and eventual low-
ering of the temperature even though the discharge power
is actually higher at higher flow rates due to an increase in
the average voltage. The voltage is shown to increase with
increased flow rate (not plotted here) in our experimental
setup where the flow rate is increased from 20 to 50 SCFH,
corresponding to a gas speed increase from 8 to 20 m/s. For
all the gas velocities used here, the plasma plume is injected
outside the torch and is visually accessible although the ini-
tial breakdown is expected to occur inside the torch near the
cathode.

For a typical dc discharge, a range between 10−5 and 1 A
is the normal glow regime, where the voltage will increase as
the current increases [36]. Although it is not shown here, we
have noticed that the voltage drops in our plasmatron when
current is increased for the same flow rate, which leads us
to assume weaker electric field but more spark channels to
maintain the current. Discharge energy input to the system is
not only from the electric field, but also thermal deposition
from the higher temperatures. Table II shows the percentage
of energy that goes to heating the gas flow at 20 SCFH in a
current of 100–900 mA. Energy for heating the plasma gas is
calculated using the specific heat Cp of air and assumes that
the temperature of the input gas is room temperature of 300 K.
It can be seen that the percentage for heating the plasma gas
increases with increased current, which also means an increase
in the total power input. The increase in the kinetic energy
of the molecules and increased collisions further support that
NO formation is predominantly from electron and ion impact
reactions.

Voltage drop across the plasma column (from the end of
the inner cathode) is about 500–1000 V for all the combustion
conditions in this study, and the length of the plasma column
is about 4 mm. Therefore, the reduced electric field (E/n)
is calculated to be 50–85 Td (1 Td = 10−17 V · cm2) for
500–1000 V, 1 atm, and 4 mm. Reduced electric field is a
measure of kinetic energy transfer cross section from electrons
to internal degrees-of-freedom molecules. For certain reduced
electric fields, appropriate molecular energy states is excited.
For example, vibrational levels of the ground electronic state
nitrogen, or low-energy electronic states of oxygen, are more
likely to be excited at a lower E/n level, while high-energy
electronic levels of nitrogen and oxygen, as well as their dis-

sociation and ionization, are excited at a higher E/n level. For
this experiment, majority of the energy deposition into the air
results in N2 molecule vibration (90%–95%) excitation along
with some N2 electronic states (∼5%) while there exists little
ionization, rotation, or O2 vibrational/electric excited states
[25]. Therefore, the main pathway responsible for large amount
of NO production is N2(v) + O → NO + N in this case. This
is consistent with the kinetic model study of a similar dc glow
discharge with the same order of magnitude of reduced electric
field in [37].

We find that NO production in a dc plasmatron can be
significantly high near the reaction zone and that the glow-
to-spark transition strongly affects the NO production via an
increase in the electron density. This NO formation channel will
be interrupted by the methane when combustion is involved, as
will be shown in Section III-E.

E. Temperatures and NO Concentrations in a
Plasma-Enhanced Flame

We now present results in a plasma-enhanced flame in a
similar format as in Section III-D. The NO concentration is
shown as a function of current, equivalence ratio, and total
flow rate.

Glow-to-spark transition with even little energy dissipation
can significantly contribute to the ignition of fuel during
plasma-assisted combustion due to the abundance of chemically
active particles already present in the glow discharge. This
random and continuous transition is then able to sustain the
flame. Ignition in the methane/air mixture can be achieved with
equivalence ratios as low as 0.1. As stated in the description of
plasmatron (Section II), the flame speed of premixed flames in
this type of discharge can increase threefold or more at 300 mA,
with further increases at higher currents. Also note that in
the plasma, energy added is on the order of 15%–95% of
the thermal energy from the combustion, which is generally
reasonable in an ignition system of this kind. Keep in mind
that the power level will be orders of magnitude lower than the
actual combustion system that the igniter will be a part of in a
practical system.

In Fig. 8, we show the temperature and NO concentration as
a function of current and flow rate when the equivalence ratio
is held at 1. It is apparent in Fig. 8(a) that the gas temperature
increases with current, an indication that the deposition of heat
increased when more energy is added to the flow. Unlike the
discharge-only case, the temperature goes up with the flow
rate. This is due to the heat release of the combustion process,
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Fig. 8. (a) Temperature and (b) NO concentration data as a function of
current and flow rate when the equivalence ratio is held at 1 in plasma-assisted
methane/air combustion.

which increases the temperature of the gas, and although the
stoichiometry is maintained, the increased density of the burnt
fuel in the confined arc chamber and through the exit of the
torch results in a higher temperature. The plasma input power
(current × voltage) to the flame is similar in magnitude to that
of the plasma-discharge-only case. It can be seen that the NO
production is reduced to a much lower level of 500–3500 ppm
rather than the 8000–15 000 ppm shown in the discharge-only
case. This reduction of NO has also been previously observed
by Kim et al. [10], [38].

The main cause of this effect is the addition of methane,
which is a discharge interruption species (particularly compared
to other compositions O2 and N2), and alternative electron
impact reactions, which lead to reduced NO formation. Note
that temperature is high in the plasma-assisted methane/air
combustion (1850–2600 K), where thermal NO formation is
most likely the dominant mechanism. In particular, we notice
in Fig. 8 that NO concentration surprisingly decreases with the
flow rate, although this leads to an increase in temperature and
injection density of plasma energy into the flow. Upon further
inspection, we note that the plasma energy input per molecule
is actually decreased as the flow rate is increased from 20 to
50 SCFH. Energy input for each molecule is 0.203, 0.162,
0.159, and 0.154 eV/molecule for 20, 30, 40, and 50 SCFH,
respectively, at 100 mA and stoichiometric conditions. This
lower power input per molecule at higher flow rate results in
less electrons and collisions needed to initiate reactions that

Fig. 9. (a) Temperature and (b) NO concentration data as a function of current
and equivalence ratio when the flow rate is held at 25 SCFH in plasma-assisted
methane/air combustion.

can results in the increase of NO. This is a clear example that
although thermal NO is expected to be dominant in the high
temperature range here, it is not the only mechanism.

In Fig. 9, the temperature and NO concentration as a function
of current and equivalence ratio when flow rate is held at
25 SCFH are shown. It can be seen that the NO increases
with the current/power as well as with the total flow rate. Once
again, it is interesting to note that NO formation is higher for
leaner flames although the temperature is lower. Therefore, in
addition to what can be expected from thermal formation of
NO, we need to consider the impact of increased methane. This
is addressed in the following.

In Fig. 10, we show the temperature and NO concentration
as function of equivalence ratio and the flow rate when the
current is held at 300 mA. The temperature profile as a function
of equivalence ratio is similar to that of a typical case of
combustion using methane without any plasma enhancements.
The peak temperature is reached at an equivalence ratio close
to 1, and higher current/power of the plasma increases the
absolute temperature. The temperature for a lower flow rate
of methane/air mixture is lower than that of the higher flow
rate due to the less chemical heat release from combustion.
It is interesting to observe the linear decay of NO as the
equivalence ratio is increased. Note that NO quenching cross
section with methane is extremely low [39], and therefore,
the direction between the two species is negligible. On the
other hand, methane will act as a discharge interruption species
(particularly compared to other composition O2 and N2), and
the indirect interaction between methane and discharge will
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Fig. 10. (a) Temperature and (b) NO concentration data as a function of
equivalence ratio and flow rate when the current is held at 300 mA in plasma-
assisted methane/air combustion.

significantly impact the NO formation. First, generation of
vibrational nitrogen, which is a key factor for NO formation,
is reduced even though the same amount of energy is added to
the system as greater portion of it is allocated to alternative elec-
tron impact reactions, including breaking of CH4 into smaller
molecules. Second, as the flame becomes richer, unburnt hy-
drocarbons can also contribute to the reduction of NO through
reburn reactions. Third, atomic oxygen and ozone generated
from hydrocarbon help bring NO level down through reverse
Zeldovich reaction NO + O → N + O2 and through NO inter-
actions with ozone. Atomic oxygen and ozone can be abundant
in hydrocarbon/air mixtures when a plasma discharge is present
and have been reported to increase flame propagation speed [2]
and enhance flame speed [40]. NO decay mechanism through
atomic oxygen and ozone is confirmed experimentally and by
using kinetic models in [41]. The main production channel of
atomic oxygen is believed to be the dissociative quenching of
O2 [42], [43] by N2. Another potential explanation can be from
the fact that as fuel reforming is increased in the so-called “cold
preflame” regions, it competes with NO formation reactions
in the use of atomic oxygen, thus leading to the reduction of
NO [9], [38]. In actual practice, where this torch will be a part
of a larger combustor, the additional chemistry and the fluid
dynamics of the combustor will determine the overall NO for-
mation, and the conditions of the igniter should be determined
according to the conditions of the specific application.

IV. CONCLUSION

PLIF is used to acquire spatially resolved oxide (NO)
concentrations in plasma-enhanced flames of a transient-arc
plasmatron. Quantitative concentration of NO is calibrated by
comparing the LIF signal to a well-defined flat-flame calibra-
tion torch and using an NO addition method.

IR thermometry and a more accurate multiline fitting tech-
nique of multiple NO transitions are used to obtain temper-
ature field for the following two purposes: 1) correction of
LIF signal due to spectroscopic temperature dependence and
2) investigation of the changes in NO production as a variation
of temperature.

Planar LIF images of NO were generated to show relative
NO concentration in both cases of plasma only and plasma-
enhanced combustion. In the case of plasma only, NO produc-
tion is high in the region of 8000–15 000 ppm with dc power
input of 200–750 W. Temperature range at these conditions is
550–1250 K, where thermal NO production is minor and NO
formation is predominantly from N2(v) + O → NO + N.

For plasma-enhanced combustion, NO production in
methane/air flame for investigated equivalence ratio range is
about one order lower in magnitude. In this case, temperature is
so high that thermal NO mechanism is still dominant. Plasma
power and equivalence ratio are the two main operational
parameters in producing NO in the combustion system here. For
a lower NO concentration in plasma-enhanced flames of this
type, we need to avoid lean and high current conditions. Linear
decay from an equivalence ratio of 0.8–1.2 may be caused by
the quenching of vibrational nitrogen, interactions with atomic
oxygen and ozone, and reaction with unburned hydrocarbon
species at rich conditions.

Future study will involve analysis of chemical kinetics mod-
eling and identification of key formation reactions that are
impacted by the plasma. This will require measurements being
made in a well-defined 1-D flat flame where the concentration
can be compared with numerical chemical kinetics simulations
using plasma reaction integrated reaction mechanisms.
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