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Kinetic ignition enhancement ofCH4–air andH2–air diffusionflamesby anonequilibriumplasmadischarge of air

was studied experimentally and numerically through the development of a well-defined counterflow system.

Measurements of ignition temperatures and major species, as well as computations of rates of production and

sensitivity analyses, were performed to understand the kinetic enhancement pathways for ignition by plasma

discharge of air. It was found that plasma discharge of air led to significant kinetic ignition enhancement illustrated

by large decreases in the ignition temperatures for a broad range of strain rates. Examination of the radical andNOx

production in the plasma showed that the enhancement was caused primarily by the catalytic effect of NOx. The

results of numerical simulations of the counterflowburnerwith preheated air andNOx addition showed the existence

of different ignition regimes, which appeared due to the competition between radical production byNOx and other

pathways, as well as heat release. There were two ignition regimes for small concentrations ofNOx and three ignition

regimes for large concentrations of NOx. Numerical simulations agreed well with the experimental measurements

and suggested a new strategy for plasma-assisted ignition in supersonic flow, where a combination of thermal and

nonthermal plasma would work more efficiently for ignition enhancement.

I. Introduction

T HE development of hypersonic airbreathing propulsion
systems using hydrocarbon-based fuels has evoked many

fundamental problems associated with combustion in supersonic
flows. One of the major difficulties encountered has come from the
flow residence times being of the same order of magnitude as the
ignition delay and complete reaction times within the supersonic
combustor. Therefore, the total heat release, thrust, and propulsive
efficiency cannot fully be realized. One solution to this predicament
is rooted in the fundamental problemof how to accelerate the ignition
process in a combustion system. Furthermore, because some fuels
(hydrocarbons) react more slowly than other fuels (hydrogen), and
because hydrocarbon fuels have energy densities which are several
times larger than hydrogen, the need for the development of new
methods to accelerate ignition becomes particularly important.

It is well known that there are twomainmethods of accelerating an
ignition process: thermally or kinetically. Thermal enhancement is
accomplished by increasing the translational gas temperature to
increase the reaction rates by the temperature-sensitive Arrhenius
dependence.Kinetic enhancement is accomplished by decreasing the
activation energies needed in the combustion system. By directly
adding key intermediate species, radicals, ions, electrons, and
excited species to the reacting system, the slow initiation or
branching reactions are accelerated and/or bypassed.

Plasma has been investigated as an attractive means of
accelerating ignition because it can be a source of elevated
temperatures, radicals, ions, electrons, and excited species to
thermally and/or kinetically enhance ignition. Plasma-assisted
combustion has been extensively investigated since its inception in
the early 19th century when the effect of an electric field on transport
and diffusion in flames was examined [1]. More recently, in the
1980s, research on plasma-assisted combustion reemerged and
focused on ignition enhancement and flame stabilization in
supersonic flow [2–4]. Since then, many different types of plasma-
enhancing applications have been developed and include plasma
jets/torches [5], microwave discharges [6,7], radio frequency
discharges [8], nanosecond pulsed discharges [9–11], dielectric
barrier discharges [12], gliding arc discharges [13], andmany others.
Significant enhancement was observed in many of the developed
plasma-flame systems with decreased ignition temperatures,
showing clearly that plasma enhanced ignition. Unfortunately, the
mechanisms of enhancement remained largely unknown, and much
of the experimental data could not be explained completely. Because
much of the past research was focused on developing plasma-flame
systems for optimum enhancement in specific geometries, many
contained complex and highly coupled hydrodynamic and reactive
flows. The complicated flows and interactions created difficulties in
decoupling the systems to pinpoint the exact mechanisms of
enhancement. Because plasma has the ability to enhance combustion
systems both thermally and kinetically, an isolation of the individual
effects on ignition by decoupling the plasma-flame systems needed
to be developed to identify the kinetic enhancement pathways.

In our previous study of plasma-assisted combustion using a well-
defined platform of a counterflow diffusion flame integrated with the
magnetic gliding arc (MGA), it was found that the strain rates at
extinction were significantly increased with plasma discharge of the
airstream [13]. However, the comparison of planar Rayleigh
scattering and OH planar laser-induced fluorescence measurements
with numerical simulations showed that the enhancement was
predominately thermal due to the rapid recombination of active
species at the lower air temperatures. Furthermore, because large
concentrations of radicals existed in the flame, the smaller
concentrations of plasma-produced radicals did not affect the
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extinction limits. In addition to these findings, the numerical
simulations of Takita and Ju [14] showed that, even though radical
addition extended the extinction limits to higher strain rates, at low
temperatures, the effect was significantly smaller than the
enhancement by radicals on the ignition limit (Fig. 1). The results
of our past work, as well as the work of Takita and Ju, showed that, to
observe a kinetic effect of plasma on a combustion system, ignition
phenomena needed to be considered.

When investigating the effects of plasma on a combustion system,
both thermal and kinetic enhancing methods for ignition have been
well studied, but a clear understanding of kinetic mechanisms from
plasma-produced species were unknown. Therefore, the kinetic
interaction of plasmas and flames needed to be studied in detail to
understand the mechanisms of enhancement. The development of a
well-defined plasma-flame ignition apparatus to isolate and study
kinetic ignition enhancement was warranted and was the primary
motivation for the present study. Detailed experimental and
computational studies of plasma-enhanced ignition were performed
through the integration of a nonequilibrium MGA plasma discharge
with a counterflow CH4–air and H2–air diffusion flame burner to
decouple the complex plasma-flame interaction and isolate fully the
kinetic ignition enhancement mechanisms.

II. Experimental Apparatus

A. Nonequilibrium Magnetic Gliding Arc

The MGA is a nonequilibrium gliding arc that was developed in
previous experiments of plasma-assistedflame stabilization [13]. For
brevity, only an overview of the gliding arc system is discussed here.
The MGA is a special type of gliding arc discharge that uses the
Lorentz force created by current flowing within a magnetic field to
rotate and stabilize the arc. The gliding arc is similar to a Jacob’s
ladder, where a potential is placed across two diverging electrodes
and an arc is initiated at the smallest gap. The arc elongates as it glides
along the electrodes, with the translational temperature of the arc
continually decreasing and the temperature of electrons increasing,

having less thermal dissociation and ionization and more direct
electron impact dissociation and ionization to maintain the
discharge. The electrons gain more energy, are accelerated by the
electric field, and allow for the arc to have more nonequilibrium
properties. In a Jacob’s ladder, the arc only remains in the
nonequilibrium regime for a short period of time before further
elongation causes arc extinction. In the current study, to overcome
the short nonequilibrium plasma lifetime, the diverging electrodes
were placed in a helical geometry within a permanent magnetic field.
Therefore, when the arc reached the largest gap in the system, it was
stabilized in the near-extinction regime for an indefinite length of
time because less energy was required to maintain the arc at that
location than to reinitiate at the smallest gap [15]. The continual
rotation of the arc at the largest gap produced a quasi-steady “plasma
disk.”A top view of the plasma disk is shown in Fig. 2 with an outer
diameter of 38mm and an inner diameter of 16mm. The plasma disk
was an intermediate translational temperature arc with thermal
dissociation and ionization, as well as direct electron impact
dissociation and ionization to maintain the discharge. TheMGAwas
therefore in thermal nonequilibrium with the mean electron
temperature (�1:2–4 eV) about 10 times greater than the
translational temperature (�2500 K) [16].

B. Integration of Magnetic Gliding Arc with Counterflow Diffusion

Flame Burner

The MGA device was integrated with a combustion system to
provide a simplified platform to study the kinetic effects of the
nonequilibrium plasma-flame interaction. Previous work by the
authors’ group included integration of the MGA with a counterflow
diffusion flame burner for flame stabilization experiments [13]. The
same basic design was again chosen for the ignition work because of
its proven validation with the past experiments. Additionally, to
directly compare the plasma-assisted ignition with preheated air
ignition, the counterflow system was augmented to include an
electric heater to raise the air temperature to the ignition temperature
of CH4–air and H2–air diffusion flames. The electric heater and the
heated nozzle or plasma system were placed in series to provide a
comparison between preheated-air-only ignition and plasma-
assisted ignition. The counterflow burner was chosen because it is
a well-established system that could provide four key benefits:
minimal buoyancy effects, simplified flame geometry, the ability to
define a flow velocity gradient (strain rate or inverse of residence
time) on the centerline near the stagnation plane of the two impinging
jets, and, lastly, geometry that allows for proven comparisons to
computational simulations.

For all experiments, the upper nozzle of the counterflow system
consisted of a water-cooled 15 mm inner diameter nozzle with a
nitrogen coflow to isolate the jet from any ambient effects. The fuel

Fig. 1 Effect of radical addition on S curves of CH4–air and H2–air
with Tin � 1100 K [14].

Fig. 2 Time-integrated top view of MGA, creating a plasma disk.
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used (CH4 or H2) was passed through the upper nozzle and was
diluted in 80% N2 to weaken the strength of the flame. The lower
nozzle of the counterflow system consisted of both a preheating
system as well as either the heated nozzle or the MGA device. The
preheating system was housed in high-temperature silica ceramic
and contained a silicon carbide heater that was capable of raising the
temperature of the air in excess of 1600 K. A thermocouple was
placed approximately 1 mm from the surface of the heater and was
used as a feedback sensor to the heater’s power supply tomaintain the
desired temperatures.

There were two different lower nozzles: the heated nozzle and the
MGA device. The heated nozzle attachment was used for preheated-
air-only ignition and consisted of a 15mm inner diameter quartz tube
with a nitrogen coflow. A schematic of the system is shown in Fig. 3.
To minimize heat loss, Kanthal heater wire was wrapped around the
outside of the quartz tube with a variable ac power supply for its
energy requirements. The MGA device attachment was used to
activate the preheated air by the plasma discharge for ignition. The
MGA assembly consisted of high-temperature cast silica ceramic to
hold the stainless steel electrodes in place. Permanent neodymium
magnets were located radially around the outside diameter of the
outer electrode of the MGA device and were used to create the
magnetic field and rotate the arc. The magnets were not adjacent to
the outer electrodes to minimize heat loss and maintain the magnets
well below their demagnetizing temperature. A 42-mm-long nozzle
with an exit diameter of 15 mmwas placed downstream of the MGA
device to establish the lower nozzle of the counterflow burner. A
schematic of the system is shown in Fig. 4.

C. Ignition Temperature Measurements

Measurements were made of the ignition temperatures on the
counterflow apparatus using both the heated nozzle and the MGA
device. The convertible counterflow system was ideal for a
comparison of the ignition temperatures with and without plasma

activation of the preheated air for the sameflowconditions. Using the
heated nozzle, the flow was initially fixed through the system (20%
CH4 or 20%H2 in 80%N2 vs air) and the power was supplied to the
silicon carbide heater and Kanthal wire heater to raise the
temperature of the air towithin 50Kof the ignition temperature of the
given combustible flow. A steady-state temperature was established
by allowing the system to run at the same heater power and air flow
rate for about an hour. The flow was then ignited with an external
source to allow for visualization and adjustments to optimize the
alignment andflow in the system. Temperature profilemeasurements
across the exit of the lower nozzle and between the lower nozzle and
the stagnation plane were taken to ensure that the temperature was
peaked along the axis at the exit of the lower nozzle. A K-type
thermocouple was used to measure the ignition temperature because
it did not suffer from any catalytic surface effects. Care was taken to
ensure that the same location in the flow was always measured.
Temperature measurements were consistently made axially at the
exit of the lower nozzle. Because the thermocouple disrupted the
flow, allowing for premature ignition, it was placed on a translation
apparatus that could repeatedly and consistently move the
thermocouple from a location outside of the flow to the same axial
location at the exit of the lower nozzle.

To achieve ignition, the temperature of the air was raised slowly in
small increments (by approximately 2–3 K close to the ignition
temperature) until ignition was achieved by increasing the power
supplied to the silicon carbide heater. The heater power at which
ignition occurred was recorded and the flame extinguished by
closing off the supply of fuel. The heater powerwas then lowered, the
fuel turned on, and the flowfield was correctly adjusted and
optimized. The heater power was again increased, ignition achieved,

Fig. 3 Heated nozzle counterflow ignition apparatus: 1) silicon

controlled rectifier, 2) silicon carbide heater, 3) R-type thermocouple,

4) Variac, 5) heated nozzle, 6) flow straightening ceramic honeycomb,

7) Kanthal wire heated quartz nozzle, 8) K-type thermocouple,
9) diffusion flame, 10) water-cooled nozzle with N2 coflow.

Fig. 4 MGA counterflow ignition apparatus: 1) silicon controlled
rectifier, 2) silicon carbide heater, 3) R-type thermocouple, 4) MGA

plasma power supply, 5)MGAdevice, 6) cathode, 7) anode, 8) gliding arc

initiation wire, 9) magnets, 10) MGA, 11) insulator, 12) nozzle with N2

coflow, 13) K-type thermocouple, 14) diffusion flame, 15) water-cooled
nozzle with N2 coflow.
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and power recorded. Once the power at ignition was found to be
consistently the same several times, the fuel supply was closed off
and the heater adjusted to that power. The thermocouple was placed
in the flow axially at the exit of the lower nozzle and the temperature
measured. The measured temperature was defined as the ignition
temperature. The procedure to find the ignition temperature was
completed at least 10 separate times to establish repeatability.
Furthermore, for radiation corrections to be performed a posteriori,
the temperatures of the parts of the apparatus in line of sight and in
close proximity to the thermocouple were measured.

A similar procedure was followed for measuring the ignition
temperatures when using the MGA device. In addition to the
temperature being raised to within 50 K of ignition by the silicon
carbide heater, the plasma power supply was adjusted to a fixed
power and the system was allowed to reach a steady-state
temperature. The same procedure as that of the heated nozzle was
followed tofind the ignition temperatures for plasma activation of the
air. Furthermore, special care was taken to ensure that the MGA did
not become unstable and produce any high-temperature regions that
would convect downstream with the flow and lead to localized
ignition. The localized ignition would yield false underestimates of
the actual ignition temperatures.

Most importantly, any difference in the measured ignition
temperatures between the heated nozzle and MGA device would be
kinetic because of the minimization of all localized thermal effects.
The experiment therefore provided a well-defined system to study
kinetic ignition enhancement by a nonequilibrium plasma.

III. Results

A. Experimental Ignition Temperature Results

Measurements were taken of the ignition temperatures using both
the heated nozzle and MGA attachment to the counterflow diffusion
flame burner for a strain rate range of 200–350 s�1 for CH4 and
150–350 s�1 for H2. For the MGA, the current was fixed at 350 mA
for CH4 and 140 mA for H2, with powers of 250 and 130 W,
respectively. The results of the ignition temperatures for CH4 are
shown in Fig. 5 and for H2 in Fig. 6. The plotted data points were
averages from over 10 measurements which never deviated by more
than several percent, establishing excellent repeatability. For both
fuels, there was a significant decrease in the ignition temperature
when using theMGA, with up to a 167 K decrease forCH4 and up to
74 K for H2. The decreased ignition temperature results (and hence
decreased ignition delay times) at the same strain rates and fuel
concentrations showed clearly that there was a significant kinetic
effect of theMGAon the ignition ofCH4–air andH2–air counterflow
diffusion flames. To gain insight into the mechanisms of the kinetic
enhancement, numerical simulations were performed.

B. Numerical Simulations of Ignition of Counterflow Diffusion

Flames

Numerical simulations were implemented to validate and explain
the interaction of the MGA with the ignition of the counterflow
diffusion flames. The code used was from one of the authors’
previously developed code for counterflow flame simulations [18].
With the given geometry of the counterflow burner, simulations
using detailed chemistry [both GRI-2.11 [19] and GRI-3.0 [20] for
CH4, and Li et al. [21] (H2) with Mueller et al. [22] (NOx) for H2]
were performed. The maximum (flame) temperature versus strain
rate S curve was computed and the ignition temperatures were found
as a function of strain rate.

1. Ignition with Preheated Air Only

The S-curve responses were obtained for preheated air only as a
function of air temperature for bothCH4 andH2. The curves forCH4

are shown in Fig. 7. Because of the difficulty in observing the first
ignition limit in the temperature coordinate, the maximum hydrogen
radical concentration curve is shown as an analogous curve for
1200 K. It is noted that the local extremum of the maximum
temperature and hydrogen radical concentration occurred at the same

strain rate. The ignition-extinction S curves using GRI-3.0 exhibited
two ignition and two extinction limits. The dual ignition limits for
CH4–air ignition have been observed in past work [23] and are
strongly dependent on the reaction rate of CH3 � HO2 ,
CH3O� OH. The lower temperature/strain rate ignition limits (the
first ignition limit) had a maximum temperature in the flowfield that
was equal to the air temperature, indicating that thermal feedback
was negligible for ignition. However, for the higher temperature/

Fig. 5 Comparison of experimental and computational results of

ignition temperatures with 20% CH4 in N2 vs air for preheated air and

MGA (I� 350 mA) for a� 200–350 s�1.

Fig. 6 Comparison of experimental and computational results of

ignition temperatures with 20% H2 in N2 vs air for preheated air and

MGA (I� 140 mA) for a� 200–350 s�1.

Fig. 7 S-curve response for 20%CH4 inN2 vs heated air as a function

of maximum temperature and atomic hydrogen concentration for

various strain rates using GRI-3.0.
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strain rate ignition limit (the second ignition limit), there was a
considerable temperature increase. Therefore, thermal runaway was
needed to accelerate ignition at this limit. The S-curve responses
using GRI-2.11 did not exhibit the dual limit behavior, giving
slightly different temperature and strain rate results for the ignition
limits. Therefore, both GRI-3.0 and GRI-2.11 were used for
comparison to experimental results.

2. Ignition Enhancement by Magnetic Gliding Arc

The MGA produced radicals, ions, electrons, and excited species
that had the potential to create newpathways for fuel oxidation and to
accelerate ignition processes. A simplified approach was taken first
to gain insight into the mechanisms of the observed ignition
enhancement. Because ion recombination was assumed to be much
faster than the flow residence time, radicals and nonexcited species
were only considered in the computational models. Therefore, the
plasma-produced species could be modeled with traditional detailed
combustion mechanisms. Furthermore, because the MGA was
activating dry air, there would only be oxygen- and nitrogen-
containing species. Optical emission spectroscopywas performed on
the MGA and the measurements taken were used to compute the
reduced electric field and electron temperature. The electric field data
and the electron temperature computed from theBoltzmann equation
for electrons in weakly ionized gases were used to predict the species
produced by the plasma discharge [24]. The main species that were
found to exist and were expected to affect the ignition process of the
system includedO andNOx. Atomic oxygen andNOxwere therefore
used as boundary conditions on the air side of the counterflow
simulation to mimic the MGA produced species and explain the
enhancement. The temperature versus strain rate S curves were
calculated for various initial temperatures and strain rates to obtain
the ignition temperatures. Numerical results showed that the effect of
even up to 1000 ppm of O at the air side boundary yielded negligible
enhancement, even when combined with NOx addition. The rapid
recombination, and hence temperature increase, during transport
between the nozzle exit and reaction zone was the cause of the
negligible enhancement. Because 1000 ppm of O was well above
what was expected at the exit of the nozzle, one can reasonably
conclude that the effect of O was negligible. Furthermore, there was
no appreciable difference in the experimentally measured temper-
ature profiles between the nozzle exit and stagnation plane for both
the heated nozzle andMGA, indicating that the temperature increase
due toO recombination between the nozzle exit and the reaction zone
was also negligible. The only species that remained were NOx

(�5000 ppm), which were the primary species used in the com-
putational simulations.

To confirm that the predicted concentration of NOx produced by
the MGA was actually present, NOx measurements were conducted
by using a chemiluminescent NOx analyzer (California Analytical
Instruments, Model 300-CLD) and later confirmed using Fourier
transform infrared spectroscopy (FT-IR) (Nicolet Magna-IR 5500).
The chemiluminescentNOx analyzer and FT-IRwere calibratedwith
known concentrations of NO andNO2, and then used to measure the
NOx concentrations axially at the exit of the lower nozzle for the
same conditions as when the ignition temperatures were measured.
The measured NOx concentrations averaged 6000 ppm for the CH4

ignition conditions and 4000 ppm for the H2 ignition conditions,
which were within good agreement with the estimated plasma
production of NOx. For simplicity of calculations, all of the NOx at
the boundary was assumed to be NO only. Because the enhancement
of ignition from NO was much more significant than from NO2, the
input of only NO would yield an overestimate of the ignition
enhancement compared with the experimental results.

It was of interest to note that theMGAwas an efficient producer of
NOx by nonequilibrium processes in the plasma arc. TheMGA had a
translational gas temperature of approximately 2500 K and the flow
had residence times through the arc on the order of 10 ms.
Calculations using a thermal NOx mechanism far underestimated
concentrations of NOx that were measured experimentally [24].
Therefore, nonequilibrium processes, such as direct electron impact
dissociation reactions of

N 2 � e! N� N� e (1)

O 2 � e! O� O� e (2)

significantly contributed to the NOx mechanism by providing the
larger concentrations of atomic nitrogen and oxygen for NO
production by the reactions

N � O2 ! NO� O (3)

N 2 � O! NO� N (4)

C. Comparison of Experimental and Computational Results

The computational results of ignitionwith heated air and theMGA
were compared with the experimental results and are shown in Fig. 5
and 6 for CH4 and H2, respectively. There could be a direct
comparison of the experimental and numerical results because the
temperature increments used in the experiments to achieve ignition
were small (on the order of 2–3 K), approximating steady-state
ignition. Therefore, the temperatures measured could be compared
with the steady-state solutions found in the numerical simulations.
For the case of preheated air only (without plasma), the ignition
temperatures from the preheated-air-only S curves of maximum
temperature versus strain rate for CH4 using GRI-3.0 were in good
agreement with the experimental results, whereas GRI-2.11 gave an
overestimate of the ignition temperature across the investigated
range of strain rates. Furthermore, the H2 mechanism (Li et al. [21])
withNOx (Mueller et al. [22]) also gave good quantitative agreement
with the experimental results. Therefore, the validated mechanisms
of GRI-3.0 and Li’s H2 with Mueller’s NOx were used for the
inclusion of plasma-produced NO to attempt to explain the MGA
enhancement.

The maximum possible concentrations of NO measured for both
cases ofCH4–air andH2–air by the chemiluminescentNOx analyzer
and FT-IR spectrometer were used as initial inputs to the air side
boundary of the counterflow simulation tomimic theMGA. For both
the CH4–air and H2–air diffusion flames, the results from the
computation agreed qualitatively with the experimental results,
showing significantly decreased ignition temperatures. To confirm
whether the primary species of ignition enhancement was NOx, the
air was seeded with the concentrations of NOx measured axially at
the exit of the lower nozzle and the ignition temperatures were again
measured. The strain rate of 250 s�1was chosen for both theCH4 and
H2 flames because it was in the middle of the experimental range of
strain rates. The results for bothCH4 andH2 are also shown in Figs. 5
and 6. There was good agreement between the experimental results
with plasma activation, the experimental results with NOx addition,
and the computational results. Furthermore, the experimental results
with NOx addition were slightly elevated above the computational
results, reaffirming that NO affected ignition more than NO2.
Therefore, NO was the primary source of ignition enhancement by
the plasma and the mechanisms were appropriately validated in the
computations.

D. Kinetic Ignition Enhancement by NOx and New Ignition Regimes

Both our experimental and numerical simulations showed that the
ignition enhancement by the plasma was dominated by the
significant concentrations of NO. Also, NO has been shown to
enhance ignition in past work [25–27]. Therefore, further numerical
simulations were performed to examine the effect of NO on ignition
beyond the strain rates and temperatures thanwere attainablewith the
current experimental setup.

As shown in the experimental results, NO production by the
plasma discharge led to lower ignition temperatures than those of
preheated air only. To demonstrate the difference between ignition
with and without the plasma discharge, the ignition temperatures
versus strain rates were computed using GRI-3.0 with and without
10,000 ppm of NO addition and are shown in Fig. 8. For preheated
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air, ignition could not occur below1100K,whereaswith 10,000 ppm
of NO, ignition occurred as low as 900 K. It was also found that, for
the same temperature or same strain rate, ignition could occur,
respectively, at much higher strain rates and at much lower
temperatures with NO addition.

To examine the impact of NO production on ignition
enhancement, the ignition S curves were calculated for NO addition
at 100, 1000, 10,000, and 100,000 ppm, respectively. For an
example, the ignition S curves for 10,000 ppm of NO addition are
shown in Fig. 9. Starting at low ignition temperatures (hence lower
strain rates), there existed one ignition limit, but around 950 K, a
second ignition limit emerged.

To examine Fig. 9 in more depth, the relative maximum
temperatures at which the ignition limits occurred were taken into
account. According to the S-curve response, the lowest local
minimum strain rate on each S curve corresponded to the actual
ignition limit. Therefore, for each of the S curves in Fig. 9, there
existed only one ignition limit which was used for comparison to the
experimental results. To better understand this concept, the ignition
limits from Fig. 9, with their associated boundary temperatures and
maximum temperatures, were plotted in Fig. 10. Interestingly, there
existed three distinctly different ignition regimes, denoted 1, 2, and 3,
in Fig. 10. For low boundary temperatures, ignition regime 1, the
maximum temperature between the two nozzles was close to the
boundary temperature. However, for ignition regime 2, at
temperatures between 1000 and 1300 K, the maximum temperature
was significantly elevated above the boundary temperature. As the
boundary temperature was increased to 1400 and 1500 K, ignition
regime 3 had a maximum temperature equal to the boundary
temperature.

E. Catalytic NO Effect for Radical Production

To identify the catalytic NO pathways for ignition enhancement
and their dependence on air temperature, the rates of production of
key species were found and sensitivity analyses were performed at
the ignition limits to examine the most important reactions with the
addition of NO. The rate of production of each species from each
reaction was found for every reaction in the mechanism. This
allowed for identification of the important pathways of production
and consumption within the domain of the counterflow system, and
to allow for a deeper understanding of the three ignition regimes
identified in Fig. 10.

First, an understanding of how NO allowed for ignition at much
lower temperatures than preheated air (Fig. 8) was sought. The rates
of production of some of the key species for preheated air only and
1000 ppm of NO addition both at an air temperature of 1200 K for
CH4–air were calculated. For preheated air only, without NO
addition, a rate of production analysis was performed and the results
are shown in Fig. 11. At the ignition limit, the reaction

CH 3 � O2��M� ! CH3O2��M� (5)

was a sink forCH3 radicals andwas an effective termination reaction,
because the only reaction for the consumption of CH3O2 was the
reverse of reaction (5). It was produced upstream of the reaction zone
on the fuel side, with the concentration equilibrating at a significant
value. Therefore, the activeCH3 radical was consumed and taken out
of the ignition process, significantly hindering ignition. Reaction (5)
competed with the typical CH3 consumption reactions of

CH 3 � O2 ! O� CH3O (6)

Fig. 8 Comparison of NO enhancement of ignition for different

boundary temperatures.

Fig. 9 S-curve response for 20% CH4 in N2 vs preheated air with
10,000 ppm NO as a function of maximum temperature and strain rate.

Fig. 10 Three ignition regimes fromS-curve responses for 20%CH4 in
N2 vs preheated air with 10,000 ppm NO.

Fig. 11 Rate of production of CH3 with Tboundary � 1200 K without
NO.
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CH 3 � O2 ! OH� CH2O (7)

CH 3 � HO2 ! OH� CH3O (8)

CH 3 � CH3��M� ! C2H6��M� (9)

With the addition of NO, the ignition pathway changed
significantly because reaction (5) was no longer a termination
reaction because of the reaction

CH 3O2 � NO! CH3O� NO2 (10)

Figure 12 confirms this, showing that there was a new pathway
allowing for CH3O2 consumption, but also that there existed a
catalytic cycle to replenish the NO in the system, while also
producing more active radicals by the reaction

CH 3 � NO2 ! CH3O� NO (11)

Therefore, CH3O2 became an active radical and there was a new
pathway for CH3 oxidation by NO. Another catalytic NO
enhancement pathway that existed in the system to aid in the ignition
process was from the reaction with the fairly inactiveHO2 radical via
the reactions

HO 2 � NO! OH� NO2 (12)

H � NO2 ! OH� NO (13)

The present results followed what was expected because
reactions (10–13) are the four key reactions which lead to the
catalytic NO effect for CH4 ignition enhancement [25–27].

After identifying the key catalytic NO enhancement pathways, the
three different ignition regimes shown in Fig. 10 were examined.
Again, a rate of production analysis for some of the governing
species for ignition was performed. The analysis was conducted at
the three ignition temperatures of 900, 1015, and 1500K, one in each
ignition regime. The results in ignition regime 1 showed that the NO
cycle catalyzed the inactive CH3O2 and HO2 by reactions (10–13).
The small difference between the maximum temperature and the
boundary temperature was attributed to the exothermicity of the
reactions involved in the catalytic NO cycles, which were identified
in reactions (10–13). The enhancement pathways by NO produced a
small amount of heat, only raising the maximum temperature on the
order of 2%. Interestingly, if heat releasewas suppressed, the ignition
limits could not be achieved. Instead, the mixture would not ignite,
even at the lowest strain rate. The result indicated that, not only did
the catalytic NO cycles raise the maximum temperature in the
system, the slightly elevated temperatures were required for ignition.

The catalytic cycle needed some thermal feedback to achieve
ignition.

When the boundary temperature was increased to approximately
1000 K, the maximum temperature became elevated more than 15%
higher than the boundary temperature. The maximum temperature
rose above the boundary temperature and signified the transition to
ignition regime 2. In this regime, much more thermal feedback was
required as compared with ignition regime 1. There still existed
significant ignition enhancement by NO addition, but the pathways
for enhancement changed. To understand the new ignition pathways,
a comparison of the catalytic NO cycles for 900 and 1015 K,
respectively, for 10,000 ppm of NO addition through rate of
production plots of NO are shown in Figs. 13 and 14. For a boundary
temperature of 900 K (Fig. 13), the catalytic NO cycles with both
CH3=CH3O2 andHO2 consumed theNO in the system to produce the
active radicals needed for ignition. For 1015 K (Fig. 14), the HO2

catalytic cycle still consumed the NO in the system, whereas the
CH3=CH3O2 catalytic cycle produced NO. The discrepancy came
from the relative production and consumption of NO by
reactions (10) and (11). Because there was a significant production
ofNO in the system by theCH3=CH3O2 catalytic cycle, reaction (11)
dominated over reaction (10). Furthermore, because the concen-
tration of NO added to the system was identical for both 900 and
1015 K, reaction (10) would be affected by a deficiency of CH3O2.
To confirm this, Fig. 15 showed that the rate of production ofCH3O2

from CH3 significantly decreased from 900 to 1015 K relative to the
other CH3 consumption reaction (11). Therefore, reaction (11)
dominated the NO reactions involved in the ignition enhancement
because there was less CH3O2 produced. To explain why there was
such a large increase in themaximum temperature over the boundary
temperature in ignition regime 2, the exothermicity of the catalytic

Fig. 12 Rate of production of CH3 and CH3O2 with Tboundary �
1200 K with 1000 ppm of NO.

Fig. 13 Rate of production of NO with Tboundary � 900 K for both the

CH3=CH3O2 and HO2 catalytic NO cycle with 10,000 ppm of NO.

Fig. 14 Rate of production of NOwith Tboundary � 1015 K for both the

CH3=CH3O2 and HO2 catalytic NO cycle with 10,000 ppm of NO.

2430 OMBRELLO, JU, AND FRIDMAN



NO cycles as well as the radical pool needed to be considered. First,
reaction (11) dominated over reaction (10) for the consumption of
CH3 at 1015 K (Fig. 15) and because reaction (11) is more
exothermic than reaction (10), there was much more heat production
overall. Second, by having only a strongHO2 catalytic NO cycle and
a lack of a completeCH3=CH3O2 catalytic cycle, the catalytic radical
production was diminished. Reaction (11) acted only as another
oxidation pathway for CH3 because the NO2 pool was not
replenished for the catalytic cycle by reaction (10). Therefore, the
HO2 catalytic NO cycle and reaction (11) did not solely allow for the
critical branching factor to be achieved for ignition. There needed to
be some additional heat release to activate other CH3 oxidation
pathways such as reactions (6–8) to aid in the production of radicals.
In the second ignition regime, the catalytic NO cycles were not the
dominating pathways for radical production and ignition enhance-
ment. The NO addition still produced active radicals, just less
efficiently than at lower temperatures, hence the elevation of the
maximum temperature far above the boundary temperature.

Toward the upper temperature range of ignition regime 2, even
though there still existed a catalytic NO cycle to produce radicals
needed for ignition, the boundary temperatures became sufficiently
high, and other pathways were much faster and far more efficient at
producing radicals. Therefore, around 1400 K, the third ignition
regime emerged. The reaction rates of reactions (6–8) increased to a
level where they could produce enough radicals to reach the critical
branching factor with no thermal feedback.

Interestingly, the three ignition regimes observed for 10,000 ppm
of NO addition were not present for all concentrations of NO
addition. For example, with 1000 ppm of NO addition, a similar plot
to Fig. 10 was made and is shown in Fig. 16. With 1000 ppm of NO
addition, there existed only two ignition regimes. The two ignition
regimes were similar to ignition regimes 1 and 3 shown in Fig. 10. At
lower temperatures, the catalytic role of NO allowed for ignition at
much lower temperatures than achievable with preheated air, and
there was a small difference between the maximum temperature and
boundary temperature in the system. With an increase in the
boundary temperature and strain rate, the second ignition regime
found for 10,000 ppm of NO was not present for 1000 ppm of NO.
Instead, there was a direct transition from the first to the third ignition
regime where the maximum temperature and boundary temperature
were equal. This was due to the temperatures involved in the system.
Because the ignition temperaturesweremuch higher for 1000 ppmof
NO (closer to the preheated air ignition because of less ignition
enhancement) than for 10,000 ppm of NO, there was no intermediate
region where the CH3=CH3O2 catalytic cycle was suppressed
because of the lack of CH3O2 and when the high-temperature CH3

oxidation mechanisms dominated. Therefore, there was a smooth
transition between ignition regimes 1 and 3 because of the higher
temperatures supporting the typical CH3 oxidation pathways when
the CH3O2 radical pool began to diminish. If a level of NO addition
between 1000 and 10,000 ppm of NOwere chosen, there would be a

slow transition to a second ignition regime which was shown for
10,000 ppm of NO.

Lastly, if a sufficiently large concentration of NOwas added to the
system, there existed a critical concentration at which ignition was
inhibited at high temperatures and strain rates. An example of this is
shown in Fig. 17 with the crossing of the ignition curves with
different concentrations of NO.A sensitivity analysis was performed
at the ignition limits at 1400 K for 10,000 and 100,000 ppm of NO
addition after the crossover in Fig. 17. The sensitivity coefficient was
defined as

sensitivity coefficient �
@ ln �aignition�
@ ln �ki�

(14)

where aignition was the strain rate at ignition and ki was the reaction
rate of the ith reaction. A positive sensitivity coefficient meant that
increasing the reaction rate accelerated ignition and vice versa.
Sensitivity analysis revealed that two reactions gained significant
importance for ignition when the NO concentration was increased
from 10,000 to 100,000 ppm. They were

NO 2 � O! NO� O2 (15)

NO � O��M� ! NO2��M� (16)

A rate of production analysis for NO and NO2 confirmed these
results. Even though reactions (15) and (16) converted NO to NO2

and vice versa, similar to the catalytic cycle, they consumed active
atomic oxygen. Therefore, even though there was an order of

Fig. 15 Rate of production of NO with Tboundary � 900 and 1015 K

showing decreasedCH3O2 production with increased temperature with

10,000 ppm of NO.

Fig. 16 Ignition regimes from S-curve responses for 20%CH4 inN2 vs
preheated air with 1000 ppm NO.

Fig. 17 Comparison of ignition temperature vs strain rate showing

crossing point and hence critical NO concentrations of 10,000 and

100,000 ppm of NO.
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magnitude increase in NO addition, there was less relative ignition
enhancement because NO and NO2 reacted with active radicals,
removing them from the ignition cycle. Furthermore, it was found
that, regardless of the temperatures involved in the counterflow
system, reactions (15) and (16) gained sensitivity with increased NO
concentration, reaffirming what was identified in past works on
ignition sensitivity to NO addition [26,27].

IV. Conclusions

The present study clearly identified the primary kinetic ignition
enhancement mechanisms of counterflow diffusion flames by
nonequilibrium plasma. The nonequilibriumMGAplasma discharge
of air in a counterflow diffusion flame burner usingCH4–air andH2–

air resulted in significant kinetic ignition enhancement. Exper-
imental measurements and computational simulations showed NOx

to be the primary means of ignition enhancement by plasma
discharge of the air. However, the small differences shown between
the plasma experimental results and computational results do not
unequivocally block the idea of additional mechanisms of
enhancement from plasma-produced species to affect ignition.
Computational simulations reaffirmed that large concentrations of
NO led to less relative ignition enhancement, showing that there was
a critical concentration of NO which yielded the most efficient
enhancement. Most importantly, the simulations showed the
existence of two ignition regimes for low concentrations of NO
addition (1000 ppm of NO), but three ignition regimes for higher
concentrations of NO addition (10,000 ppm of NO). The ignition
regimes were dependent upon the competition between the radical
production by the catalytic effect of NOx and other oxidation
pathways, as well as heat release from exothermic reactions and
thermal feedback to reach the critical branching factors required for
ignition. The identification of the existence of different ignition
regimes and critical concentrations of NOx presents a new strategy
for plasma-assisted ignition in supersonic flow. The strategy states
that, depending upon the flow strain rate and concentration of
plasma-produced NOx, cold nonequilibrium plasma may not be the
best choice for efficient ignition enhancement. A combination of
thermal-equilibrium plasma, to raise the translational temperature of
the gas and sustain species concentrations, and nonthermal/
nonequilibrium plasma, to produce NOx and active radicals, can
yield optimal ignition enhancement results.
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