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Laser induced fluorescence investigation of the chemical impact of nanosecond
repetitively pulsed glow discharges on a laminar methane-air flame

Davide Del Cont-Bernard∗, Thibault F. Guiberti, Deanna A. Lacoste

King Abdullah University of Science and Technology, Clean Combustion Research Center, Thuwal 23955-6900, Saudi Arabia

Abstract

This paper reports on an experimental investigation of the chemical impact of nanosecond repetitively pulsed (NRP)
glow discharges on a laminar methane-air flame. The chosen configuration was a lean wall stabilized flame where NRP
discharges were generated across the flame front. After careful selection of the excitation lines, planar laser induced
fluorescence of OH and CH was conducted. Comparisons between the OH and CH fluorescence of a base flame
(without plasma actuation), and those obtained during the steady state and the transient regimes of plasma actuation,
were performed. First it is shown that during the steady state regime, the intensity of OH and CH fluorescence in
the flame could be increased by up to 40% and 10%, respectively. In addition, the life time of OH fluorescence in
the discharge channel was estimated to be between 3 and 4.5 µs. The transient regime at the beginning of plasma
actuation showed that the flame began to be affected by the discharges long before OH fluorescence could be detected
in the discharge channel, upstream of the flame. After 40 ms of plasma actuation, OH intensity began to increase
simultaneously in both the flame and the discharge area. Based on current knowledge of nanosecond discharge
chemistry, explanations for these results are proposed.
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1. Introduction

In the last two decades, non-thermal plasmas pro-
duced by nanosecond repetitively pulsed (NRP) dis-
charges have shown promising results for plasma-
assisted combustion applications [1–3]. For example,
they have been successfully used to improve the ignition
of flammable mixtures [4–8], enhance the lean blow-off

limit [9–11], or control combustion instabilities [12–
14]. The results obtained were usually attributed to
thermal, chemical, and/or transport effects of the dis-
charges [3].

Under conditions relevant to combustion applica-
tions, two regimes of NRP discharges can be distin-
guished, the NRP glows and the NRP sparks [15]. NRP
sparks have a strong thermal and hydrodynamic ef-
fect [16, 17], coupled with a chemical actuation of the
gas [17, 18]. On the other hand, the NRP glows have a
minimal thermal and hydrodynamic effect [19], and the
chemical impact is dominant. This weak regime of the
NRP discharges has recently attracted more attention
because it can effectively influence combustion [14],
with a small penalty in terms of nitric oxide (NO) emis-
sion [8, 20, 21].

Chemical characterization of NRP discharges for
plasma-assisted combustion applications is ongo-
ing [22]. Targeted species are produced by discharges
generated in fuel-air mixtures, with a potential impact
on combustion chemistry. For example, atomic oxy-
gen (O) [23–25] and atomic hydrogen (H) [26], have
been measured in different plasma-assisted combustion
configurations. Similarly, several studies have reported
on the measurements of methylidyne radicals (CH) [27]
and hydroxyl radicals (OH) [5, 24, 28–30]. However,
these studies focused mainly on ignition or on enhance-
ment of combustion by non-equilibrium discharges at
sub-atmospheric pressures. To the best of our knowl-
edge, the effect of NRP glows on the OH and/or CH dis-
tributions of a fully developed premixed flame, at atmo-
spheric pressure, has not yet been investigated. These
results would be of interest to clarify the plasma action
on flame dynamics, as well as for challenging the mod-
eling efforts on the coupling between non-equilibrium
plasma mechanisms and combustion chemistry.

The main objective of this study is to characterize the
impact of NRP glow discharges on the OH and CH dis-
tributions of a premixed flame at atmospheric pressure.
To facilitate future comparisons with numerical simula-
tions, an axi-symmetric two-dimensional configuration
was chosen, with NRP glows generated across the flame
front. With this configuration, each experiment provides
information about the chemical effect of NRP glows on

the fuel-air mixture, the flame front, and the burnt gases.

2. Experimental Setup and Procedure

The experimental setup included a plasma-assisted
combustion (PAC) burner equipped with electrical diag-
nostics, and a planar laser-induced fluorescence (PLIF)
system. Both systems are detailed in this section, along
with the experimental procedure followed.

2.1. PAC Burner

A schematic of the PAC burner used is presented in
Fig. 1. It consisted of a stagnation plate burner where
a lean methane (CH4)-air laminar flame could be stabi-
lized. The diameter of the burner outlet was 10 mm and
the distance between the burner outlet and the quartz
plate was 10 mm. The equivalence ratio was 0.70, and
the bulk velocity at the outlet of the burner was 1.2 m/s.
The thermal power released by the flame was then about
230 W. A co-flow of nitrogen (N2) prevented the flame
from attaching to the burner lip.

Figure 1: Schematic of the PAC burner with a photograph of the
methane-air flame with NRP glows (not to scale).

Two pin electrodes were positioned 9 mm apart along
the symmetry axis of the burner. The grounded elec-
trode was a tungsten pin with a radius of curvature of
about 50 µm, embedded in the quartz plate. The anode,
connected to the high-voltage output of a nanosecond
pulse generator (FID GmbH FPG Series), was a 100-µm
diameter tungsten wire. When high-voltage pulses were
applied to the electrodes, NRP glows formed along the
centerline, perpendicularly to the local flame front (see
Fig. 1). Note that the presence of the anode affected
the flow field out of the nozzle, and in turn, the flame
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shape. The curvature of the base flame (without NRP
glows) originated from a profile of the flow that was no
longer top-hat.

In this experiment, NRP glows (as defined in [15]),
were obtained by applying high-voltage pulses of 8 kV
amplitude and 10-ns duration. They were applied at a
pulse repetition frequency (PRF) of 10 kHz. Typical
electrical measurements, obtained with a high voltage
probe (Tektronix P6015A) and a current transformer
(Pearson Model 6585) are shown in Fig. 2. The cor-
responding deposited energy, calculated as the integral
of the product of voltage and total current, was around
90 ± 40 µJ. As the total current was used, due to
the charge and discharge of the stray capacitance of
the electrodes assembly, the instantaneous energy fluc-
tuates. However, over the entire duration of a pulse,
these fluctuations compensate and the value after about
100 ns corresponds to the energy deposited in the dis-
charge. For a PRF of 10 kHz, this energy per pulse cor-
responded to an average electrical power deposited by
the discharge of about 0.9 W, i.e., less than 0.5% of the
flame thermal power.
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Figure 2: Typical voltage and current measurements of a single glow
discharge and corresponding energy (PRF = 10 kHz).

2.2. PLIF System

A conventional nanosecond PLIF system was used to
investigate OH and CH distributions in the PAC burner.
The second harmonic of a Nd:YAG laser (Continuum
PL DLS 9010) was used to pump a dye laser (Contin-
uum ND6000), coupled with a doubling system (Con-
tinuum UVT-3). The laser beam was first sampled
for shot-to-shot energy monitoring and then shaped by
means of cylindrical and spherical lenses, as a sheet of
10-mm height and about 200-µm thickness, passing by
the central axis of the PAC burner. To obtain a homo-

geneous excitation, only the central region of the laser
sheet was used.

Fluorescence was collected using an intensified CCD
camera (Princeton PI-MAX 4 1024i) equipped with a
f/2.8 100 mm UV lens. A LaVision bandpass filter cen-
tered at 320 nm, with 40-nm bandwidth, associated with
a custom Semrock AFRL-0002 filter (described in [31])
was used to collect only the fluorescence signal, reject-
ing background emissions and laser elastic scattering
and reflections. The exposure time was 200 ns for all
conditions.

Synchronization between NRP glows and PLIF mea-
surements was achieved with two Berkeley Nucleonics
BNC 575 delay generators.

2.3. Procedure

Two different aspects of the actuation by NRP glows
were investigated: (i) the transient response of the flame
at the beginning of plasma actuation; (ii) the steady state
regime for a continuous actuation by NRP glows.

For the transient response of the flame, the PLIF im-
ages of the base flame were recorded first. Then, assum-
ing reproducible experimental conditions, phase-locked
PLIF measurements were performed 300 ns after the
second discharge, the 10th, the 100th, etc. After the
10,000th NRP glow discharge (i.e., after 1 s of plasma
actuation), the steady state regime was reached This de-
lay of 300 ns after the discharges allowed for strong
PLIF signal in the discharge area and absence of chemi-
luminescence from the plasma.

For the steady state condition, PLIF images of the
base flame were also recorded. Then, NRP glows were
applied continuously and, after a few seconds, phase-
locked PLIF measurements were performed. Differ-
ent delays between the discharge and the camera trig-
ger were selected to explore and characterize the entire
inter-discharge period.

To increase the signal to noise ratio, each PLIF image
was obtained by averaging up to 250 single shots. For
each experimental condition, five average PLIF images
were recorded. The post-processing of these images
consisted of background subtractions and color coding,
only.

3. PLIF Excitation

Different excitation and detection schemes have been
used for OH and CH detection in plasma-assisted com-
bustion [22]. For example, Winters et al. [30], chose
the OH A2Σ+ − X2Π (0, 0) excitation (308 nm), for its
high excitation and fluorescence rates, while Li et
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al. [29], preferred the OH A2Σ+ − X2Π (1, 0) excitation
(281 nm), with a collection of the fluorescence signal
from the (0,0) band, near 310 nm.

To facilitate OH and CH measurements with the same
PLIF system, the present study measured CH through
excitation and detection within the R-branch transitions
in the CH C2Σ+ − X2Π (0, 0) band [31]. Transitions in
the C-X band are spectrally close to OH lines from the
A-X (0,0) and (1,1) bands [32]. Accordingly, transitions
in the A-X band were considered for the OH PLIF mea-
surements.

To finalize the selection of the excitation lines, a
wavelength scan between 311.28 and 311.55 nm was
performed. The fluorescence of the flame enhanced by
NRP glows in the steady state regime, 300 ns after a dis-
charge, was collected.

Figure 3a shows the average fluorescence response in
the flame area as a function of the excitation wavelength
(red line), as well as Lifbase simulations of OH [33]
(black dashed line), in the partially saturated regime of
fluorescence, for a temperature of 1850 K. Simulations
and experiments were in relatively good agreement.
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Figure 3: Average fluorescence signals in flame (a) and discharge fil-
ament upstream of flame (b), as a function of laser excitation wave-
length. Comparisons with simulations with Lifbase [33] for A-X band
of OH (black and gray dashed line). Rotational lines of C-X band of
CH are also indicated (green).

Figure 3b shows the average fluorescence response
in the NRP discharge area, upstream of the flame front
(blue line), as a function of the excitation wavelength.
Simulations of OH are also shown (black dashed line).

In order to reach a relatively good agreement with the
experimental spectrum, it was necessary to overpopu-
late the level v′ = 1, corresponding to the fluorescence
peak at 311.43 nm (gray dashed line).

Figures 3a and 3b allow the comparison of the rela-
tive fluorescence intensities in the flame and in the dis-
charge. For the OH S21(2) line of the (1,1) band, the
fluorescence was similarly intense in the discharge and
in the flame. Therefore, this excitation wavelength was
selected to allow measurements of OH in both areas for
a same setting of the PLIF system. A second excita-
tion line was also selected, the O12(4) of the (0,0) band.
At low temperatures, this line should give the strongest
fluorescence signal for the range of wavelength consid-
ered. Examples of PLIF images obtained for these two
lines are shown in Figs. 4b and 4c.

Note that the fluorescence of CH (rotational lines in
green) could not be appreciated in the analysis of Fig. 3.
However, on the images, CH fluorescence could be ob-
served in the flame front for an excitation at 311.438 nm,
i.e., corresponding to the CH R2(10) and R1(10) lines
(see Fig. 4a). Considering the laser line width (about
5 pm), it was not possible to separate the excitation of
these two lines. In the following, the excitation line for
CH will be referred as the CH R1(10).

Figure 4: Examples of CH and OH PLIF images for different exci-
tation lines, without plasma discharges (left column) and with NRP
glow discharges (right column), at t = 300 ns. Color scale is arbitrary,
but intensities are consistent.

In order to disregard the shot-to-shot variation of laser
intensity, the saturated regime of fluorescence was pre-
ferred. For CH, the saturation was achieved with a laser
energy larger than about 3 mJ per pulse, while for the
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two selected OH lines, a laser energy larger than about
6 mJ per pulse was necessary. Note that under the spec-
ified experimental procedure, the comparison of the rel-
ative intensity of PLIF images obtained with two differ-
ent excitation lines has no meaning.

4. Results and Discussion

In this section, the steady state regime of plasma actu-
ation is reported first. A second section details measure-
ments conducted at the beginning of the plasma actua-
tion, referred to as the transient response of the flame
to plasma actuation. Results are provided in terms of
spatially- and temporally-resolved intensity of fluores-
cence signal.

4.1. Steady State Actuation

For a continuous NRP glow actuation, the temporal
evolution of OH and CH fluorescence was studied be-
tween two pulses. PLIF images were collected at dif-
ferent times after a discharge, starting from 300 ns to
98 µs. The jitter in these phase locked measurements
was about ± 10 ns.

Figure 4 compares the PLIF images obtained for the
base flame (left column) with those obtained in the
steady state regime of plasma actuation, 300 ns after
an NRP glow (right column). Even if the shape of the
flame front was affected by the plasma actuation, for
CH (Fig. 4a) the fluorescence intensity at the flame front
was almost unchanged. Also, in the discharge filament
upstream of the flame as well as in the burnt gases, no
CH fluorescence was detected. In the OH PLIF images
(Figs. 4b and 4c), the impact of the NRP glows on the
fluorescence intensity in the flame was found to depend
on the excitation line. In addition (and as expected from
their selection), the intensity of fluorescence in the dis-
charge channel was negligible for the O12(4) excitation
line, compared to the fluorescence in the flame area,
while for the S21(2) line, a similar fluorescence signal
could be observed in both areas of the image.

By design, plasma actuation mainly affected the axis
of the burner, therefore, the fluorescence intensities
along the centerline of the burner are compared in
Fig. 5, for different delays between discharges. During
plasma actuation (red, blue and grey profiles), the OH
and CH fluorescence intensity and distribution in the
flame did not change during the forcing period. For this
reason the flame is said to be in a steady state regime.

Compared to the base flame (black), the plasma actu-
ation induced a small increase of about 10% of the CH
fluorescence in the flame front (Fig. 5a). In addition,
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Figure 5: Fluorescence distribution along the centerline for different
excitation wavelengths.

no fluorescence of CH could be detected in the NRP
discharge area for any delay, upstream or downstream
of the flame front. In Grisch et al. [27], for rich CH4-
air mixtures, two very thin zones of CH fluorescence,
located at the periphery of the plasma channel, could
be observed for nanosecond spark discharges inducing
a gas heating of about 2500 K. However, no results as-
sociated with the fluorescence of CH were reported for
lean mixtures, known to induce less CH fluorescence
in flames [34]. Further investigation will be necessary
to determine whether the lack of CH fluorescence in
the NRP glow discharge area compared to nanosecond
sparks originated mainly from a difference in plasma
chemistry or from a difference in gas composition.

Effects of NRP glows on the OH fluorescence in the
flame front and in the burnt gases were similar for both
excitation lines (see Figs. 5b and 5c). Compared to the
base flame, the OH fluorescence in the flame front in-
creased by about 40%. In addition, a small increase
of the OH fluorescence in the burnt gases, close to the
cathode (height above the burner of 8–10 mm), could
be noticed. However, in the discharge area upstream of
the flame front (height above the burner of 0.5–2 mm),
a relatively strong OH fluorescence signal was obtained
with the S21(2) excitation line (Fig. 5c), while with the
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O12(4) line (Fig. 5b), the strong fluorescence from the
flame prevented proper rendering of the discharge.
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Figure 6: Temporal evolution of average OH fluorescence intensity in
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represent extreme values obtained for five independent measurements.

Figure 6 shows the time evolution of the OH fluores-
cence in the discharge channel in the fresh gases, for the
S21(2) and O12(4) excitation lines. In both cases the
OH intensity followed an exponential decay with time
constants of 3 µs and 4.5 µs, respectively. These results
are aligned with those in [35], for a CH4-Air mixture at
low gas temperature.

According to [35], OH lifetime has a strong depen-
dence on the temperature and it can feature multiple
peaks. The first peak is due to OH generation by
plasma produced species, such as atomic oxygen, e.g.
O(1D) + CH4 CH3 + OH. At higher gas temper-
ature, a second peak can be observed. It is related to
chain propagation/branching, occurring below the self-
ignition threshold and limited by accumulation of in-
termediate species [35]. During ignition, a third peak
occurs. The two latter peaks are not observed here – a
single exponential-like decay is recorded instead.

Fig. 6 also shows that there was no significant OH ac-
cumulation in between pulses in the fresh gases ahead
of the flame. The maximal fluorescence intensity was
obtained within the first 0.5 µs after the discharge, re-
gardless of the excitation line, and the signal fell be-
low the detection level in less than 30 µs. This result
contrasts with other works, such as [27], where for a
stronger discharge, the OH fluorescence was shown to
peak later and exhibited a long plateau and slow de-
cay. Finally, Fig. 6 shows that the discharges in the
fresh gases did not ignite directly the gases. The effect
of the discharges might consist in a very partial oxida-
tion of the fuel, where small amounts of methanol and
formaldehyde could be formed, leading to a temperature

increase as well [36].

4.2. Transient Response of the Flame
Compared to the base flame, the OH and CH fluores-

cence distribution in the flame during plasma actuation
differed significantly. The previous section showed that
in the steady state regime of plasma actuation, the OH
and CH fluorescence in the flame did not respond to in-
dividual discharges. However, it could be expected that
flame changes would not occur instantly after the first
discharge, making flame conformity to plasma actuation
by NRP glows and interesting issue.

Figure 7 displays 1-mm slices of OH PLIF images
around the centerline of the burner for the S21(2) exci-
tation line. Each slice was imaged 300 ns after a differ-
ent numbers of applied discharges (increasing from left
to right). Thus, this figure presents the transient regime
of OH fluorescence as a function of the number of ap-
plied discharges (or time after the beginning of plasma
actuation).
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Figure 7: Images of OH fluorescence along burner centerline for dif-
ferent numbers of applied pulses (OH S21(2) excitation line).

After about 100 pulses (10 ms), the flame began to
move upstream, in agreement with previous results ob-
tained for laminar flame subjected to forcing by NRP
glow discharges [14]. The flame reached its nearly fi-
nal location after about 350 discharges (35 ms). Only
after the flame began to stabilize (400 discharges or 40
ms), OH fluorescence appeared in the discharge chan-
nel, upstream of the flame. Between the 400th and
500th discharge, the intensity of OH fluorescence–both
in the flame and in the discharge–increased. This in-
crease continued for about 600 ms; afterward fluores-
cence intensity remained relatively constant.

This temporal analysis of OH fluorescence at the be-
ginning of plasma actuation by NRP glow discharges
shows that: (i) the flame began to be affected by NRP
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glow discharges before OH fluorescence upstream of
the flame front reached a detectable level, and (ii) even
if OH can be rapidly produced by NRP glow discharges
in the fuel-air mixture (less than 300 ns according to
Figs. 6 and 5), the cumulative effect of multiple dis-
charges was necessary to modify the flame and the con-
ditions in the discharge-gap so that OH could be gener-
ated and detected. After 400 discharges, OH appeared
in the discharge channel, and its intensity in the flame
increased, suggesting that the chemistry changed, with
a possible increase in the temperature of the NRP glow
discharges. Further investigation of the discharge by
means of measurements of electric field, electron den-
sity and temperature, could shed more light on this dy-
namic process.

5. Conclusions

Investigation of the chemical impact of NRP glow
discharges on a lean laminar methane-air flame was
conducted by OH and CH PLIF. Due to a strong non-
equilibrium distribution of the OH population in NRP
glows, the selection of the excitation line for OH fluo-
rescence required measurement of an experimental flu-
orescence spectrum. The lines selected for OH were
the S21(2) of the (1,1) band and the O12(4) of the (0,0)
band. The main findings were:

• Compared to the base flame, OH and CH fluores-
cence intensities in the flame increased by up to
40% and 10%, respectively, during plasma actua-
tion. At steady state, these intensities did not vary
between pulses: OH and CH distributions in the
flame did not respond to individual discharges.

• Fluorescence of OH in the NRP discharge channel
upstream of the flame reached a detectable level
after 400 discharges; at steady state, its decay time
after a discharge was 3 to 4.5 µs, depending on the
excitation line.

• At the beginning of plasma actuation, the flame
moved upstream before the appearance of OH flu-
orescence in the discharge. Once it reached its sta-
ble location, OH fluorescence increased in both the
discharge and the flame, suggesting that different
mechanisms were at play at the beginning and in
the steady state regime of plasma actuation by NRP
discharges.

Acknowledgments

This work is funded by the King Abdullah University
of Science and Technology, through the baseline fund

BAS/1/1396-01-01.

References

[1] S. Starikovskaia, Plasma assisted ignition and combustion, J.
Phys. D: Appl. Phys. 39 (2006) R265–R299.

[2] A. Starikovskiy, N. Aleksandrov, Plasma - assisted ignition and
combustion, Prog. Energy Combust. Sci. 39 (2013) 61–110.

[3] Y. Ju, W. Sun, Plasma assisted combustion: dynamics and chem-
istry, Prog. Energy Combust. Sci. 48 (2015) 21–83.

[4] F. Wang, J. B. Liu, J. Sinibaldi, C. Brophy, A. Kuthi, C. Jianga,
P. Ronney, M. Gundersen, Transient Plasma Ignition of Quies-
cent and Flowing Air/Fuel Mixtures, IEEE Trans. Plasma Sci.
33 (2005) 844–849.

[5] L. Wu, J. Lane, N. Cernansky, D. Miller, A. Fridman,
A. Starikovskiy, Plasma - assisted ignition below self-ignition
threshold in methane, ethane, propane and butane - air mixtures,
Proc. Combust. Inst. 33 (2011) 3219–3224.

[6] M. Boumehdi, S. Stepanyan, P. Desgroux, G. Vanhove,
S. Starikovskaia, Ignition of methane- and n-butane-containing
mixtures at high pressures by pulsed nanosecond discharge,
Combust. Flame 162 (2015) 1336–1349.

[7] S. Lovascio, T. Ombrello, J. Hayashi, S. Stepanyan, D. Xu,
G. Stancu, C. Laux, Effects of pulsation frequency and energy
deposition on ignition using nanosecond repetitively pulsed dis-
charges, Proc. Combust. Inst. 36 (2017) 4079–4086.

[8] Y. Xiong, O. Schulz, C. Bourquard, M. Wellenmann, N. Noiray,
Plasma enhanced auto - ignition in a sequential combustor, Proc.
Combust. Inst. 37 (2019) 5587–5594.

[9] G. Pilla, D. Galley, D. Lacoste, F. Lacas, D. Veynante, C. Laux,
Stabilization of a Turbulent Premixed Flame Using a Nanosec-
ond Repetitively Pulsed Plasma, IEEE Trans. Plasma Sci. 34
(2006) 2471–2477.

[10] M. Bak, H. Do, M. Mungal, M. Cappelli, Plasma-assisted stabi-
lization of laminar premixed methane/air flames around the lean
flammability limit, Combust. Flame 159 (2012) 3128–3137.

[11] J. Choe, W. Sun, Blowoff hysteresis, flame morphology and the
effect of plasma in a swirling flow, J. Phys. D: Appl. Phys. 51
(2018) 365201.

[12] D. Lacoste, J. Moeck, D. Durox, C. Laux, T. Schuller, Effect of
Nanosecond Repetitively Pulsed Discharges on the Dynamics
of a Swirl - Stabilized Lean Premixed Flame, J. Engineer. Gas
Turbines Power 135 (2013) 101501.

[13] W. Kim, J. Snyder, J. Cohen, Plasma assisted combustor dy-
namics control, Proc. Combust. Inst. 35 (2015) 3479–3486.

[14] D. Lacoste, J. Moeck, W. Roberts, S. Chung, M. Cha, Analysis
of the step responses of laminar premixed flames to forcing by
non - thermal plasma, Proc. Combust. Inst. 36 (2017) 4145–
4153.

[15] D. Pai, D. Lacoste, C. Laux, Transitions between corona,
glow, and spark regimes of nanosecond repetitively pulsed dis-
charges in air at atmospheric pressure, J. Appl. Phys. 107 (2010)
093303.

[16] D. Xu, D. Lacoste, D. Rusterholtz, P.-Q. Elias, G. Stancu,
C. Laux, Experimental study of the hydrodynamic expan-
sion following a nanosecond repetitively pulsed discharge in air,
Appl. Phys. Lett. 99 (2011) 121502.

[17] D. Rusterholtz, D. Lacoste, G. Stancu, D. Pai, C. Laux, Ultrafast
heating and oxygen dissociation in atmospheric pressure air by
nanosecond repetitively pulsed discharges, J. Phys. D: Appl.
Phys. 46 (2013) 464010.

[18] D. Lacoste, D. Xu, J. Moeck, C. Laux, Dynamic response of
a weakly turbulent lean-premixed flame to nanosecond repeti-

7



tively pulsed discharges, Proc. Combust. Inst. 34 (2013) 3259–
3266.

[19] D. Lacoste, B. Lee, A. Satija, S. Krishna, S. Steinmetz,
I. Alkhesho, O. Hazzaa, R. Lucht, M. Cha, W. Roberts, In-
vestigation of Gas Heating by Nanosecond Repetitively Pulsed
Glow Discharges Used for Actuation of a Laminar Methane-Air
Flame, Combust. Sci. Technol. 189 (2017) 2012–2022.

[20] M. Uddi, N. Jiang, I. Adamovich, W. Lempert, Nitric oxide
density measurements in air and air/fuel nanosecond pulse dis-
charges by laser induced fluorescence, J. Phys. D: Appl. Phys.
42 (2009) 075205.

[21] G. Kim, B. Seo, W. Lee, J. Park, M. Kim, S. Lee, Effects of
applying non thermal plasma on combustion stability and emis-
sions of NOx and CO in a model gas turbine combustor, Fuel
194 (2017) 321–328.

[22] R. Ono, Optical diagnostics of reactive species in atmospheric -
pressure nonthermal plasma, J. Phys. D: Appl. Phys. 49 (2016)
083001.

[23] S. Pendleton, S. Bowman, C. Carter, M. Gundersen, W. Lem-
pert, The production and evolution of atomic oxygen in the af-
terglow of streamer discharge in atmospheric pressure fuel/air
mixtures, J. Phys. D: Appl. Phys. 46 (2013) 305202.

[24] K. Sasaki, Y. Deguchi, Effective species for ignition of premixed
burner flame in effluent of dielectric barrier discharge, Japanese
J. Appl. Phys. 57 (2018) 096102.

[25] W. Sun, M. Uddi, T. Ombrello, S. Won, C. Carter, Y. Ju, Effects
of non-equilibrium plasma discharge on counterflow diffusion
flame extinction, Proc. Combust. Inst. 33 (2011) 3211–3218.

[26] Z. Yin, Z. Eckert, I. Adamovich, W. Lempert, Time-resolved
radical species and temperature distributions in an Ar – O2 – H2
mixture excited by a nanosecond pulse discharge, Proc. Com-
bust. Inst. 35 (2015) 3455–3462.

[27] F. Grisch, G.-A. Grandin, D. Messina, B. A. Tretout, Laser
- based measurements of gas-phase chemistry in non - equi-
librium pulsed nanosecond discharges, C. R. Mecanique 337
(2009) 504–516.

[28] C. Cathey, J. Cain, H. Wang, M. Gundersen, C. Carter, M. Ryan,
OH production by transient plasma and mechanism of flame
ignition and propagation in quiescent methane – air mixtures,
Combust. Flame 154 (2008) 715–727.

[29] T. Li, I. Adamovich, J. Sutton, Effects of non - equilibrium plas-
mas on low - pressure, premixed flames. Part 1: CH chemilumi-
nescence, temperature, and OH, Combust. Flame 165 (2016)
50–67.

[30] C. Winters, Y.-C. Hung, E. Jans, Z. Eckert, K. Frederickson,
I. Adamovich, N. Popov, OH radical kinetics in hydrogen - air
mixtures at the conditions of strong vibrational nonequilibrium,
J. Phys. D: Appl. Phys. 50 (2017) 505203.

[31] C. M. Mitsingas, S. D. Hammack, E. K. Mayhew, R. Rajasegar,
B. McGann, A. W. Skiba, C. D. Carter, T. Lee, Simultaneous
high speed PIV and CH PLIF using R-branch excitation in the
C2Σ+-X2Π (0, 0) band, Proc. Combust. Inst. 37 (2019) 1479–
1487.

[32] C. D. Carter, S. Hammack, T. Lee, High-speed flamefront imag-
ing in premixed turbulent flames using planar laser-induced flu-
orescence of the CH C - X band, Combust. Flame 168 (2016)
66–74.

[33] J. Luque, D. R. Crosley, LIFBASE: Database and spectral sim-
ulation program (version 1.5), SRI international report MP 99
(1999).

[34] C. Panoutsos, Y. Hardalupas, A. Taylor, Numerical evaluation
of equivalence ratio measurement using OH and CH chemilu-
minescence in premixed and non-premixed methane-air flames,
Combust. Flame 156 (2009) 273–291.

[35] A. Starikovskiy, Kinetics of plasma-assisted oxidation and igni-

tion below self-ignition threshold, in: 50th AIAA Aerospace
Sciences Meeting including the New Horizons Forum and
Aerospace Exposition, 2012, p. 244.

[36] Y. Ju, J. K. Lefkowitz, C. B. Reuter, S. H. Won, X. Yang,
S. Yang, W. Sun, Z. Jiang, Q. Chen, Plasma assisted low tem-
perature combustion, Plasma Chemistry and Plasma Processing
36 (2016) 85–105.

8


