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Abstract

®

CrossMark

This work aims to characterize the effects of pulse repetition rate (PRR) and flow speed on
dielectric barrier discharge (DBD) plasma pulse-to-pulse coupling and its ability to ignite
methane-air flows. Experiments are performed on a homemade DBD flow reactor with 5 mm
discharge gap. Pressure and equivalence ratio are kept constant at 700 mbar and 0.6. First, we

perform high-speed intensified imaging to visualize pulse-to-pulse plasma behavior and ignition
kernel development. In air flows, plasma morphology changes from multiple weak filaments to
a few stronger filaments indicating plasma pulse-to-pulse coupling. This leads to plasma energy
addition in nearly the same gas volume as the previous discharge. The study performed in
methane-air flows highlights the importance of plasma pulse-to-pulse coupling for ignition. We
find a critical PRR and a minimum number of pulses required to achieve a strong enough
coupling to develop a successful ignition kernel. Ignition probability and kernel growth are also

evaluated for various conditions. Finally, plasma pulse-to-pulse coupling is quantified by
measuring the plasma parameters such as gas temperature and reduced electric field from an

optical emission spectroscopy.

Keywords: nanosecond pulsed DBD plasma, plasma-assisted combustion, plasma spectroscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

Recent developments in pulsed power technology have pro-

duced commercial high-voltage sources with nanosecond
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pulse duration [1]. Repetitive pulses of such short duration
allow a high energy loading into plasmas, while also
maintaining a high reduced electric field (E/N, with E the elec-
tric field and N the gas density) and hence electron temperature
(T¢). Typically, nanosecond pulse operated non-equilibrium
plasmas have a roughly 100 times higher electron temperat-
ure than gas temperature [1-3]. Non-equilibrium chemistry
involving high energy electrons creates favourable conditions
for chemical processes such as combustion. Combustion is
the source of most of the world’s energy requirements [4]. In
order to minimize the negative impact of combustion on the

© 2023 The Author(s). Published by IOP Publishing Ltd
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environment, it is important to make combustors cleaner and
more efficient. One of the possible ways to achieve this is lean
combustion. But, ignition and flame stabilization are challen-
ging in lean conditions.

Over the last few decades, plasma-assisted combus-
tion (PAC) has been demonstrated to ignite [5—14] and
stabilize [15-21] lean combustion in extreme conditions.
Nanosecond repetitively pulsed (NRP) discharges can enhance
combustion by generating radicals and heat in nanosecond
time scales [22-24]. Through which pathway plasma will
enhance the combustion depends on the plasma type and the
configuration. At near atmospheric or higher pressures, NRP
discharges can have three major forms depending on the oper-
ating conditions: (1) corona, (2) glow and (3) spark [25]. The
spark regime can be further divided into two sub-regimes.
One is a non-equilibrium spark with ionization degree of
10~%~10~3 and plasma gas heating on the order of 1000 K per
pulse [26]. This regime is also called a transient spark regime.
Second is the equilibrium spark regime with gas temperat-
ure on the order of 10000 K and ionization degree close to
one [27]. The transition from non-equilibrium to equilibrium
spark is very rapid and difficult to control. Minesi et al have
observed this transition in a 10 ns duration high voltage (HV)
pulse [28]. In order to maximize the efficiency of radical
production and the non-thermal contribution to combustion
enhancement, it is important to maintain the plasma in a non-
equilibrium regime. One possible way to achieve this is oper-
ating NRP with a dielectric barrier. In typical dielectric barrier
discharges (DBDs), one or both electrodes are covered with a
dielectric layer [3]. Depending upon the electrode construction
and operating conditions, DBDs can be generated in various
forms like volumetric diffuse [29, 30], plasma jet [31, 32],
filamentary [33, 34] and surface DBDs [35, 36]. DBDs can be
operated with alternating or pulsed electric fields [37]. Pulsed
DBDs are preferred for chemical activation processes as they
enable energy deposition at above breakdown reduced electric
field.

Along with the plasma type, the way plasma is introduced
to the flame is also a governing factor of PAC pathways.
Plasma have been applied upstream of [15, 16], in [19, 38], or
downstream of the flame [39, 40]. In recent years, a concept of
plasma-assisted ignition-stabilized combustion has been pro-
posed [14, 41-43]. In this concept, plasma is applied upstream
of the flame such that it ignites the fuel-air flow repetitively.
Such a configuration can stabilize lean combustion beyond
blowout limits.

In stagnant conditions, pulsed plasma-assisted ignition has
been studied in various forms by several researchers. Cathey
et al have demonstrated a transient plasma ignitor using a
corona discharge [6]. Shcherbanev et al have studied surface
DBD-assisted ignition in a high-pressure environment [12].
Apart from the above single pulse discharge-assisted igni-
tion studies, nanosecond repetitive-pulse-assisted ignition has
been studied by Pancheshnyi et al [5]. In NRP discharges,
a accumulative effect from multiple pulses is more import-
ant as a single pulse is usually not enough to ignite fuel-air
mixtures. Depending upon the configuration, energy might
be added step-wise in a almost same gas volume which can

enhance plasma properties. We define this phenomena as
plasma pulse-to-pulse coupling. Lovascio et al have studied
the effect of pulse repetition rate (PRR) on NRP discharge-
assisted ignition in high pressure stagnant conditions [44, 45].
They found an optimal PRR governed by the frequency of
flow re-circulation in the discharge gap. Nguyen et al have
reported the effect of turbulence in similar discharge config-
uration [46]. For ignition-stabilized combustion, investigation
on NRP discharges in flowing fuel-air mixture flows is more
important. Extensive work has been reported on NRP DBD
plasma-assisted ignition in low pressure (around 100 mbar)
conditions [9-11]. However, very few reports are available
on NRP discharge-assisted ignition of fuel-air mixture flows
at near atmospheric or higher pressure conditions. Lefkowitz
et al have studied NRP spark discharge assisted ignition in
methane-air flows up to 10ms~' flow speeds. They observe
three regimes depending upon flow speeds and PRR: (1)
decoupled regime, (2) partially coupled regime, & (3) fully
coupled regime. Overall, they found non-monotonous trends
in ignition probability with flow speed and PRR variations.
These complex trends are governed by PRR, flow residence
time between the electrodes, and ignition kernel development
time. Depending on these parameters, NRP spark discharges
pulse-to-pulse coupling can either create or destroy the igni-
tion kernel [42, 47, 48].

Most of the work reported on NRP discharge-assisted igni-
tion concerns either a full equilibrium plasma regime or non-
equilibrium plasma regime with gas heating of more than
1000K per pulse. In our previous work, we reported that it
is possible to maintain NRP discharges below the methane-
air auto-ignition temperature and initiate ignition by using
DBD [49]. Repetitive ignition dynamics and plasma non-
thermal contribution have been investigated as well. We found
that plasma pulse-to-pulse coupling is needed for about four
consecutive pulses to create a successful ignition kernel at
700 mbar pressure. Various parameters like pressure, equival-
ence ratio, number of pulses per burst, etc were varied but the
study was limited to 150cms~! flow speed and 3 kHz PRR.
We always achieved ignition at 3 kHz PRR but not always for
lower PRR. This leads to a question: is the observation due to
plasma-generated active species relaxation timescales or flow
residence timescales? With this motivation, we explore the
effect of PRR and flow speeds on pulse-to-pulse coupling in
NRP DBD and its ability to ignite methane-air flows. First, we
present high-speed visualization to characterize pulse-to-pulse
coupling in air and methane-air flows. From these measure-
ments, ignition kernel growth rate and critical PRR and min-
imum number of pulse requirements for ignition are evaluated.
Finally, phase-locked optical emission spectroscopy (OES) is
performed to quantify the effect of pulse-to-pulse coupling on
plasma parameters like gas temperature and reduced electric
field.

2. Experimental setup and methods

The flow reactor used in this work is the same as in our previ-
ous work. A detailed schematic and more information can be
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Figure 1. (a) Schematics of the experimental setup and (b) schematics of two side cross-section views of the DBD reactor (all dimensions

are in mm). Reproduced from [49]. CC BY 4.0.

found in a previous publication [49]. The reactor is a quartz
flow channel with a DBD configuration. Cross-sectional views
of the reactor along with the schematics of the overall experi-
mental setup are shown in figure 1.

2.1. DBD reactor configuration

The DBD flow reactor is a quartz tube of 20 cm in length and
a square 10mm by 10 mm cross-section. The HV electrode
is placed outside the quartz tube. It is a 20 mm diameter alu-
minum ball embedded in a resin layer. The grounded elec-
trode is an aluminum rod with a semicircular cross-section
which is placed inside the quartz tube. This results in a DBD
configuration with a 5 mm discharge gap at the center of the
tube and one electrode covered by a 1.9 mm thick dielectric.
The setup is built such that pressure and mass flow rate can
be varied independently. Mass flow rates are controlled with
Bronkhorst mass flow controllers. The pressure is controlled
with a vacuum pump, pressure sensor, motorized valve, and
PID controller.

In order to investigate the effect of PRR on pulse-to-pulse
coupling, we have used a FID 25-10NS10 power supply in
this work, which can deliver 10 ns duration HV pulses at up to
30kHz PRR. A 4k resistor is connected parallel to the DBD
reactor for impedance matching between the power supply and
the DBD reactor and to minimize energy coupled during the
reflected pulses. The voltage and current waveforms are meas-
ured using a homemade D-dot sensor [50] and an AMS CT-F
1.0 S current probe respectively. The D-dot sensor is calibrated
with a PVM4 HYV probe and was placed on the HV side. The
current probe is placed on the ground side. Voltage and current
probes have 1 GHz and 500 MHz bandwidths respectively and
both waveforms are recorded using a 400 MHz oscilloscope at
5GSample s~!. High voltage pulses are applied in burst mode
in all measurements discussed in this work. The number of
pulses per burst and the PRR are varied for parametric studies.

Voltage (kV)

[\
(=]
T

Current (A)
(e}

20 ¢
/’;\ T T
E 2} f
>
5
g
88 0 L L L

0 50 100 150 200
Time (ns)

Figure 2. Voltage, current, and energy waveforms from the third
plasma pulse in air flow at 700 mbar, 150 cms™ l, and 3 kHz PRR
(waveforms are averaged over 100 pulses).

The sample waveforms of the third pulse of a nine pulses burst
at 700 mbar, 150 cms~! flow speed, and 3 kHz PRR are shown
in figure 2. The main peak of the voltage waveform has about
10ns FWHM, 4 ns rise time, and a peak voltage of 21 kV. The
first current peak of about 25 A is a capacitive peak which cor-
responds to the product of the voltage time derivative and the
reactor capacitance. The next peak of about 20 A is a resistive
peak. This indicates that the plasma breakdown happens on
the voltage-falling edge. The instantaneous energy waveform
is computed from the measured voltage and current waveforms
using

E, :/v(t)~i(t) de. (1)
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Most of the energy is coupled during the initial applied
voltage peak. The instantaneous energy value then reaches
about 1.9 mJ which includes both capacitively and resistively
coupled energy. The energy reduces to about 1 mJ once the
capacitive energy is reflected back.

2.2. Experimental methods

The experiments performed in this work are centered around
two different diagnostic techniques: (1) high-speed imaging
of natural luminosity and (2) phase-locked OES. All measure-
ments are performed in burst plasma mode with various num-
ber of pulses per burst and various burst frequencies. These
conditions are described in the results sections in more detail.

2.2.1. High-speed visualization. —High-speed imaging is per-
formed using a combination of a Photron SA-X3 high-speed
camera, a La-Vision high-speed intensifier (IRO), and a B-
Halle /2.0 100 nm UV lens. The imaging measurements are
performed in two ways for which the timing diagrams are
shown in figure 3. The first set of measurements is for pulse-
to-pulse plasma visualization for various PRR and flow rate
conditions. These are performed with 1 s exposure time and
the camera frame rate identical to the PRR. In this way, we
capture emissions following individual plasma pulses in each
frame. We also perform single pulse imaging using a PIMAX?2
ICCD camera and a 200 mm Nikon camera lens. We achieve
better spatial and intensity resolution using this combination
because the ICCD camera has 16-bit resolution contrary to
the high-speed camera’s 12-bit resolution. The higher resol-
ution images are used to obtain the filament’s width. Image
post-processing is performed in Matlab with the following
algorithm. First, the discharge gap is divided into 18 hori-
zontal sections and binned. Then, the binned profiles are fit-
ted with a double Gaussian function. Samples of fitted pro-
files are given in ‘FWHM evaluation of plasma filament’. The
FWHMs of these profiles are determined using the Findpeaks
function.

The second set of imaging measurements visualises igni-
tion kernel development. The camera exposure time and frame
rate are kept constant at 25 s and 30 kHz, respectively, for
all measurements in this set. So, depending upon the PRR,
we capture a varying number of frames between two plasma
pulses. For example, ten frames are recorded between two
plasma pulses for 3kHz PRR, as illustrated in figure 3(b),
whereas only one frame is captured in between two pulses
for 30 kHz cases. 300 images per burst are recorded which
allows tracking of the kernel up to 10 ms after the burst has
started. Ignition kernel growth rates for various conditions are
evaluated using a Matlab image processing script. The post-
processing script includes three major steps. First, imgauss-
filt and imclose filters are applied to the raw image. These
filters smoothen the raw image and fill up the inner voids
of the ignition kernel images. This was necessary to remove
the graininess of the raw signal. The second step is to con-
vert the smoother image to a binary image. The threshold
for the binarization was set relative to the maximum intens-
ity of the image. This helps to minimize blooming effects due

-
| Camera exposure
]

| HYV pulse

1/90 s or 1/300 s

Time

Time

(b) Ignition kernel development visualization

1/90 s or 1/300 s

|‘
|‘
0.3 us

~
1]

Time
(c) Phase-locked OES

Figure 3. Timing diagrams for (a) pulse-to-pulse plasma imaging,
(b) ignition kernel development visualization, and (c) phase-locked
optical emission spectroscopy.

to image saturation just after the plasma pulses. In the third
step, the kernel area and number of kernels are evaluated using
Matlab’s Regionprops function. In this way, the area is tracked
till 10 ms after the burst initiation. A detailed description of
the processing script can be found in ‘Ignition kernel area
evaluation’.

2.2.2. OES. Apart from visualization measurements, we
have also performed phase-locked OES to quantify plasma
properties. For that, a combination of an Acton SP2500
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Figure 4. (a) Measured emission spectrum of air plasma with fitted
spectrum and residual at 30 kHz PRR, and 150 cm s~ flow speed
for the third pulse in a burst and (b) Measured emission spectra of
air plasma used for E/N estimations at 30 kHz PRR, and 150 cm g !
flow speed for the first, third and ninth pulse in a burst.

396 398

spectrometer, a Princeton instruments PIMAX3 ICCD cam-
era, and a B-Halle /2.0 UV lens is used. The spectrograph
slit was aligned in the direction of the flow. The measure-
ments shown in this work are performed at 1.25 mm above the
grounded electrode. A tungsten ribbon lamp is used for the
relative intensity calibration of the setup. In figure 1(c), the
timing diagram of the phase-locked measurements is shown.
Every measurement point is accumulated over 500-1500 shots
to collect enough intensity for processing. ICCD gate time
is kept to 300 ns. Similar to our previous work, we used the
N,(C—B, Av = 1) band of the nitrogen second positive sys-
tem (SPS) for plasma gas temperature estimations, and the
intensity ratio of N5~ (B-X,0-0) and N,(C-B,5-2) for an effect-
ive reduced electric field estimation. N,(C—B, Av = 1) spec-
tra were produced using a 3600 groovesmm~! UV grating.
The rotational temperature was estimated by fitting the spec-
tra using Massive OES tool [51, 52]. Massive OES software

can do batch processing with fit quality estimations. The gas
temperature can be assumed to be essentially identical to the
rotational temperature as the R-T relaxation timescales are
much smaller than the N,(C) lifetime for the studied operat-
ing conditions [53]. Sample of measured and fitted spectra of
air plasma at 30kHz PRR and 150 cms~! flow speed for the
third pulse in a burst is shown in figure 4(a). The N5 (B-X,0-
0)) peak at 391.4 nm and N,(C-B,5-2) peak at 394 nm are cap-
tured in a single spectrum using a 1800 grooves mm ™' grating.
A sample spectra of the first, third, and ninth pulses are shown
in figure 4(b). The effective reduced electric field is estimated
by relating the measured intensity ratio with the empirical rela-
tion given by Paris et al [54]. The estimated field is spatially
averaged over filament width and temporarily averaged over
pulse duration. The local instantaneous field can be different
from it. The measured spectra are inherently weighted by the
emitted light intensity and therefore the combination of local
electron density and electric field. Therefore, we believe that
the reported values are close to the real peak values during a
given pulse number.

3. Results and discussions

The main aim of this work is to characterize the effect of PRR
on pulse-to-pulse coupling in a DBD plasma used for PAC.
All measurements are performed in burst mode so that each
measurement has a well-defined start with a fresh gas mix-
ture. The number of pulses in a burst, the PRR, and the flow
speed are varied. Pressure and methane-air mixture equival-
ence ratio are kept constant at 700 mbar and 0.6 respectively.
The 700 mbar pressure was chosen to ensure regular plasma
ignition/breakdown. Also, this pressure was studied extens-
ively in our previous work [49]. The number of pulses per burst
is varied from 3 to 10 because 3 pulses per burst are required
to ensure regular plasma ignition/breakdown and 10 pulses per
burst are enough for ignition of methane-air mixtures in most
conditions. PRR and flow rate are varied from 1 to 30 kHz and
150 to 500 cms~! respectively. The flow speed is limited to
500cms™! as it is enough to study pulse-to-pulse coupling
transitions above 2kHz PRR. As flow speed is varied, burst
frequency is also varied to ensure that each burst is independ-
ent from the dynamics of the previous burst. These conditions
are summarized in table 1.

As described in the previous section, we performed two
major types of characterizations. First, we present the visu-
alization measurements to qualitatively demonstrate pulse-to-
pulse coupling in air and fuel-air mixture plasmas. Along with
qualitative visualization, we quantify plasma filament width,
methane-air ignition probability, and ignition kernel growth.
Subsequently, spectroscopy measurements are discussed to
quantify pulse-to-pulse coupling in various conditions and its
effect on plasma parameters.

3.1. Pulse-to-pulse plasma visualization

3.1.1. Air plasma morphology.  Pulse-to-pulse air plasma
images for 150 and 500 cms~! flow speeds and 3 and 30 kHz



Plasma Sources Sci. Technol. 32 (2023) 065003

R Patel et a/

Table 1. Different burst frequency and average flow speed
combinations used.

No. Flow speed (cms™1) Burst frequency (Hz)
(1) 75 45

(2) 150 90

3) 300 180

) 500 300

Pulse 3 kHz 3 kHz 30 kHz 30 kHz
number Burst 1 Burst 2 Burst 1 Burst 2
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Figure 5. Pulse-to-pulse air plasma discharge images at 700 mbar
pressure, 7 pulses per burst and at (a) 150 cm s~!and (b) 500cms™
flow speeds. PRR within each burst is indicated above each column
and flow direction is from left to right.

PRR are shown in figure 5. Two cases per operating condi-
tion are shown. Each burst has seven pulses and the burst fre-
quency is set to 90 Hz. As mentioned in the previous section
and shown in figure 3(a), we capture emissions from a single
plasma pulse in each frame. Images are presented in false color
scale and with a constant intensity scale.

At 3kHz PRR and 150cms—!, multiple weak filaments
are seen during the first pulses. After the first pulse, a single
filament is seen which becomes brighter from pulse-to-pulse
coupling. The observed pulse-to-pulse coupling in the later
discharges is quite similar to our previous work in which we

highlighted that pulse-to-pulse coupling can be due to resid-
ual heat and charge. Long-living negative ions like O™, O,
and charged stored at the dielectric surface can provide free
electrons for plasma initiation [2, 3, 55-57]. Once a discharge
is initiated, the residual heat can provide an easier path for the
discharge. Because the residuals are moving with the flow, fil-
aments also move with the flow. Plasma initiation and pulse-
to-pulse coupling during the first three pulses are very weak
and not similar for every burst. Contrary, we observed strong
coupling from second pulse onwards in previous work [49].
Apart from energy input per pulse, all operating conditions
are similar in both cases. The energy input is about 1 mJ per
pulse in this work whereas it was about 1.7 mJ per pulse in the
previous work. This indicates that lower energy input leads to
a weaker plasma and hence weaker pulse-to-pulse coupling.
Similar trends are seen for 30kHz PRR at 150cms™! flow
speed. Pulse-to-pulse coupling is regular after three pulses. It
is important to notice that multiple brighter filaments are often
seen for high PRR cases.

At 500cms™! flow speed, a similar plasma morphology is
seen at 30kHz PRR, but it is significantly different at 3 kHz
PRR. For the latter case, very weak filaments are seen suggest-
ing weaker pulse-to-pulse coupling. From the observations at
low flow speeds, we know that pulse-to-pulse coupling is reg-
ular only from the fourth pulse. This means that more than
four pulses need to be applied to the same gas volume before
this gas volume is advected out of the discharge region. The
maximum number of pulses for which pulse-to-pulse coup-
ling (1pmax) can be observed depends on the filament resid-
ence time inside the DBD geometry. For our reactor configur-
ation, 7pmax can be calculated using the following empirically
derived equation:

Npmax = 9. PRR’ (2)
Upulk

where PRR is the PRR in kHz and wup, is the bulk flow
speed in ms~!. The equation is derived from continuous
plasma operations. So, it gives a maximum value which is
difficult to achieve in burst mode operation. Because the fil-
ament is initiated more upstream in the case of continuous
mode whereas the initiation location depends on burst-to-
burst memory effects for the conditions studied in this work.
Equation (2) is explained in more detail in ‘npmax derivation’.

3.1.2. Filament width.  Filament width is determined from
the ICCD camera images using the method discussed in the
previous section 2. In order to visualize pulse-to-pulse effects
on filament width in air, normalized intensities of various
plasma pulses at 30kHz PRR and 150cms~! flow speed
are shown in figure 6(a). For better visualization, 50 shots
per case are aligned with respect to the filament center and
their normalized average intensity profiles are plotted. During
the first pulses, weak but relatively broad filaments are seen
while the second pulse filament width is the smallest. From
the second pulse, filament width increases with pulse num-
ber. The first discharge of a burst occurs in virgin gas with
some surface memory effects from the previous burst due to
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Figure 6. (a) Normalized intensities of air plasma filaments for
various pulse numbers in a burst at 30 kHz PRR and 150 cms ™!
flow speed and (b) FWHM of these filaments for various pulse
numbers and PRR at 150 cm s ™! flow speed. These measurements
are taken at 1.3 mm above the grounded electrode.

possible charges stored at the dielectric surface. Furthermore,
from previous work [49], we know that HV power supplies
tend to deliver slightly higher voltages during the first pulse
than for the later pulses in a burst. Both of these reasons can
lead to a different plasma breakdown mechanism for the first
pulse than for later pulses in the burst. For example, Townsend
breakdown is seen in atmospheric pressure diffuse DBDs with
lower electron impact ionization coefficient and no local field
enhancement due to space-charge effects [29, 30].

After the first discharge, plasma breakdown is governed
by both volume memory effects and surface memory effects.
This leads to plasma energy deposition in almost the same
gas volume, as can be seen in figure 5. Thermal and spe-
cies diffusion in-between plasma pulses can increase the gas
volume responsible for the memory effects. Furthermore, elev-
ated temperatures due to pulse-to-pulse coupling will decrease
gas density and thereby increase E/N. This can lead to a bigger

streamer diameter as less field enhancement at the streamer tip
is required for streamer propagation [2]. Mean filament width
for various PRR and pulse numbers at 150 cm s~! flow speed is
plotted in figure 6(b). Standard deviations are plotted as error
bars. For higher PRR, the smallest filaments width is observed
after the first pulse and later an increasing trend is seen. This
trend is not seen at 1 kHz PRR where pulse-to-pulse coup-
ling is not observed in the high-speed images. Overall, fila-
ments are found to be about 300 ym wide with a large stand-
ard deviation (up to 50%). As seen in figure 5, plasma igni-
tion is not similar in every burst which leads to a larger distri-
bution of filament width for the same conditions. Along with
this, several mechanisms can contribute to filament widths as
explained above, making it very difficult to conclude on the
observed trends shown in figure 6. For this, more fundamental
research is required. We do not attempt to go in detail as the
focus of this work is to analyze plasma ability to ignite fuel-air
mixture.

3.2. Combustion ignition probability

In this section, we first provide visualization on pulse-to-pulse
coupling in methane-air flows and discuss its influence on igni-
tion. As discussed in section 3.1 and shown in figure 3(b),
the camera exposures and timing were set such that we cap-
ture emissions after the plasma pulses and thereby avoid most
plasma emissions. From air plasma images with the same cam-
era settings, we concluded that most plasma emissions last till
about 70 us after the plasma pulse.

High-speed images of methane-air mixtures at 0.6 equi-
valence ratio, 700 mbar pressure, 3 or 30 kHz PRR, 7 pulses
per burst, and 150 or 500cms~! flow speed are shown in
figure 7. The images show total emission intensities and are in
false color scale. As explained above, it can be assumed that
the detected signal is mostly combustion chemiluminescence
after 70 ps after the plasma pulses. At 3 kHz PRR, ten frames
between two plasma pulses are recorded, out of which five
images are shown in figures 7(a) and (c). At 150cms~! flow
speed, we do not detect emissions between the first and second
pulses. Two spots are seen after the second pulse which have
quenched at 104 us. These spot’s sizes and emission decay
times are increased after the third and fourth pulse but still
quench before the next pulse. This shows that four pulses are
not enough to create a self sustaining ignition kernel. After
the fifth pulse, one of the spots survives till the sixth pulse and
expands during later pulses. This leads to a successful ignition
kernel development which can sustain without plasma sup-
port. Further ignition kernel development and kernel size are
discussed in the next section. We capture only one frame in-
between two pulses at 30,kHz PRR, as PRR and frame rate are
the same in this case. Similar to the 3 kHz case, two spot emis-
sions are seen after the second pulse which grow from pulse
to pulse. This results in multiple kernel initiations. The ker-
nels’ intensities are much brighter because the images are the
frames just after the plasma pulses. So, captured intensities are
the sum of combustion chemiluminescence and some plasma
emissions.
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Figure 7. High-speed images of ignition kernel development in methane-air flows at 3 or 30kHz PRR and 150 or 500 cms™

Dimensions are in mm.

Besides 150cms~! flow speed results, 500 cms™! results
are also shown in figure 7. At 3kHz PRR, self-sustaining
ignition kernels are not observed even after seven pulses.
Apparently, the high flow speed is limiting pulse-to-pulse
coupling in the same kernel volume. We observe similar trends
during the first four pulses as for the low flow speed cases.
First, a spot-like kernel is created, the decay time of which
increases from pulse to pulse. But it is blown out of the dis-
charge zone after five pulses in the high flow speed case, mak-
ing it weaker while a new spot is created in the discharge zone.
Interestingly, at 30kHz PRR, similar trends are observed for
both flow speeds. Here, it is important to note that emission
pockets detected at about the 30 mm mark in figure 7(d), are
ignition kernels from the previous burst. As burst frequency is
increased to 300 Hz for 500 cm s !, the ignition kernel travels
less distance before the next burst is initiated.

From the above results, it is evident that pulse-to-pulse
coupling for a certain minimum number of pulses is crucial
for successful ignition kernel creation. In order to quantify this
phenomenon, successful ignition probability for varying num-
ber of pulses is evaluated by analysing more than 60 bursts
per condition; the results are plotted in figure 8. ‘Successful
ignition’ is defined as the presence of an expanding ignition
kernel after the burst and the ‘successful ignition probability’
is defined as the ratio between successful ignition bursts and
the total number of bursts.

! flow speed.

The number of pulses per burst is varied from 3 to 10.
A minimum of 3 pulses per burst is required for regular
plasma ignition. At 150cms~' flow speed, almost no igni-
tion is observed for all PRR cases with three pulses per
burst. Ignition probability increases with number of pulses and
almost 100% probability is observed from six pulses per burst
at 3kHz or higher PRR. Increasing trends between three to
six pulses for various PRR is not monotonously proportional
to PRR. This can be attributed to the change in burst-to-burst
memory effects for different PRR cases. We explore this coup-
ling in section 3.4. Moreover, ten pulses are required to have
over 95% probability at 2kHz PRR whereas ignition is not
observed at all at 1 kHz PRR. npy,y values for respective PRRs
are 12 and 6 pulses which means we can not supply enough
pulses at 1 kHz to achieve ignition.

At 500 cms~! flow speed, significantly different trends are
seen for 2 and 3kHz PRR because of lower 7n,max values of
five and four pulses respectively. Ignition is not observed at
2kHz and only a maximum of about 35% ignition probabil-
ity is achieved at 3 kHz. For PRRs above 5kHz (rpmax > 9),
the probability increases with the number of pulses and about
eight pulses are required to achieve over 90% successful igni-
tion. Again, the increasing trend is not monotonous with PRR
in these cases as well. Overall, we can conclude that a crit-
ical PRR value exists at any given flow rate to enable enough
pulse-to-pulse coupling which can ignite the fuel-air mixture.
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Figure 8. Successful ignition probabilities for various PRR in
methane-air flows at 0.6 equivalence ratio, 700 mbar pressure and
(a) 150cms ™! and (b) 500cms ™! flow speeds.

Above this critical PRR, a certain minimum number of pulses
should be applied to develop a successful ignition kernel. For
examples, the critical PRR and the minimum number of pulses
at 150cms~! flow speed can be defined as 3kHz and six
pulses. These values increase to SkHz and eight pulses at
500cms~! flow speed.

3.3. Ignition kernel growth rate

In the previous section, we evaluated minimum criteria to
ignite the methane-air mixture flows. In this section, we focus
on how ignition kernel development is influenced by the con-
ditions above the critical PRR and pulses-per-burst values.
Figure 9 provides a visualization of the ignition kernel devel-
opment from single bursts at 3kHz and 30 kHz PRR. Flow
speed and pulses per burst are identical at 150cms~! and 7.
At 3kHz, a single ignition kernel is seen from 1.97 ms which
expands while moving with the flow. It is obvious that a kernel
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Figure 9. Ignition kernel development visualization at 700 mbar
pressure, 150 cm s ! flow speed, 0.6 equivalence ratio, 7 pulses per
burst, and at (a) 3 kHz and (b) 30 kHz PRR.

is initiated earlier at 30 kHz PRR due to energy loading in a
shorter duration. For the burst shown in the figure, two kernels
are initiated simultaneously which expand and merge after
5 ms. This leads to a larger kernel size at the end for 30 kHz
than for 3 kHz.

Ignition kernel development is quantified by evaluating the
kernel area in the time series images. The detailed procedure
is explained in ‘Ignition kernel area evaluation’. The effect of
the number of pulses per burst on ignition kernel development
is shown in figure 10. For each condition, about 40 cases with
successful ignition are analyzed and averaged. Their mean val-
ues are shown as solid lines and their standard deviation is rep-
resented by the light blue shades. At 3kHz PRR cases, a sud-
den jump in the area size is seen just after each plasma pulses
because the signal is too intense in the frames just after the
plasma pulses due to plasma emissions. This leads to bloom-
ing and over-estimation of the area. We minimize the influence
of blooming by adapting the threshold value to the maximum
intensity in each frame for the area calculation. In all three
cases, almost no area is detected after the first pulse, indicat-
ing ignition has not occurred. A small area is detected after
the second pulse which goes to zero before the third pulse.
However, the area size does not go to zero after the third pulse
which shows pulse-to-pulse coupling in ignition kernel devel-
opment. These trends in the mean area values can be recog-
nized in the image set discussed in section 3.2 and shown in
figure 7. After the burst, the kernel area increases monotonic-
ally with time. The results are shown till 7 ms. Afterwards, the
ignition kernel starts to move out of the camera field of view
for both cases. Thus, we define the kernel size at 7 ms as the
final kernel size which increases with number of pulses per
burst. Moreover, the increment in area size from seven to ten
pulses is about a half of the increment seen from five to seven
pulses.
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Figure 10. Ignition kernel growth rate in methane-air flows at
700 mbar, 0.6 equivalence ratio, 150 cm s~ flow speed, (a) 3kHz
and (b) 30kHz PRR and varying number of pulses per burst.

In contrast to 3kHz PRR, only one jump in area size is
seen at 30 kHz. That is because the frame rate and PRR are
identical. Moreover, the increase in area after the burst is much
steeper than that at 3 kHz because energy is loaded in a much
shorter interval. Although, a small decrease in area is seen at
about 1 ms due to blooming. Similar to 3 kHz PRR, the final
kernel size increases with number of pulses per burst and incre-
ment is smaller for higher numbers of pulses.

Ignition kernel development is compared for various PRRs
in figure 11(a). For that, the mean kernel area sizes of the 10
pulses per burst cases at 1kHz-30kHz PRR are plotted as
a function of time after the start of the burst. Similar to the
above experiments, flow speed and equivalence ratio are kept
to 150cms~! and 0.6. At 1kHz, we do not observe ignition.
Small peaks are seen due to plasma emissions captured in the
frames just after the plasma discharges. Similar to the above
discussed 3 kHz PRR cases, kernel quenching is seen during
first few pulses at 2 kHz as well. A pulse-to-pulse increase in
area is seen only after the fourth pulse whereas this is seen
from the second pulse at 5 kHz and higher PRR. Initial kernel
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Figure 11. (a) Mean ignition kernel size and (b) probability of
occurrence of two ignition kernels in methane-air flows for various
PRR and at 700 mbar, 0.6 equivalence ratio, 150 cm s ! flow speed,
and 10 pulses per burst.

growth rate during or just after the burst increases with PRR.
Obviously, this can be attributed to energy loading on shorter
time scales. Moreover, it seems that not only the initial growth
rate but also the final kernel size increases with PRR. The final
kernel size is much lower at 2kHz PRR than at 3 or 5kHz
which is again quite smaller than 10-30 kHz PRR. Pulse-to-
pulse coupling is weak at 2kHz and so is the initial growth
rate which leads to a lower final kernel size. Furthermore, the
larger kernel size at 10-30kHz is due to the multiple igni-
tion kernel initiations. An example of such a case is already
shown in figure 9. The probability of detecting two ignition
kernels and their time evolution is plotted in figure 10(b). A
five points moving average was applied to smoothen the data.
This leads to wider peaks due to plasma emissions at 1 kHz
PRR. It is quite evident that two kernels occurrence is much
more probable for 10-30 kHz PRRs. Two kernels are initiated
in about 60% of the cases; this occurrence decreases in time
due to kernels merging or quenching while moving with the
flow.
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Figure 12. Energy coupled into plasma for various PRR in
methane-air flows at 0.6 equivalence ratio and 150 cms ™! flow
speed.

3.4. Plasma parameters

From the above qualitative visualization measurements and
quantitative analyses, we learn the importance of pulse-to-
pulse coupling in ignition kernel development and the role of
the PRR. In order to quantify the effect of PRR on pulse-to-
pulse coupling, we have studied the role of three plasma para-
meters: (1) energy coupled into plasma per pulse, (2) plasma
gas temperature, and 3) reduced electric field (E/N).

3.4.1. Energy coupled into plasma.  Energy per pulse is cal-
culated from the measured voltage and current waveforms
using equation 1. The values are taken after the first main
voltage pulse which is at the 40ns mark in figure 2. In
figure 12, the mean energy per pulse for various PRRs in
methane-air flows at 150cms~! and 0.6 equivalence ratios
are plotted. The mean energy values are evaluated by aver-
aging over 50 pulses and their standard deviations are plotted
as error bars. Overall, we observe that PRR has no influence
on the total energy coupled into the plasma. About 1.4 mJ per
pulse energy is measured from the second pulse onwards for
all PRRs. The coupled energy during the first pulses is a bit
lower due to difficult plasma ignition. In previous work, we
reported about 2 mJ per pulse coupled energy in methane-air
flows at various pressures. The observation was attributed to
almost similar maximum charge storing capacity of dielectric
and applied voltage during the breakdown [49]. This is also
true for the observed trend for various PRRs. In the previous
work, we observed that a minimum of 4 pulses per burst are
required to consistently ignite a methane-air flows at 3 kHz
PRR and exactly the same other conditions as studied in this
work. However, in this work, we observe weaker pulse-to-
pulse plasma coupling during the initial three pulses and so
more pulses are required for combustion ignition. The differ-
ence between both works can be the attributed to the differ-
ence of about 0.6 mJ per pulse energy coupling. It will be
interesting if we can perform experiments in which energy
coupled into plasma can be varied at constant applied E/N.
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Figure 13. Air plasma pulse-to-pulse gas temperature for various
flow speeds at 3 kHz PRR and 700 mbar pressure.

These experiments can help to find an optimal coupled energy
per pulse.

3.4.2. Effect of flow on pulse-to-pulse coupling.  In order to
quantify the effect of flow on pulse-to-pulse coupling, the air
plasma gas temperature is compared in figure 13 for various
flow speeds and at a constant 3kHz PRR. As discussed in
section 2, the gas temperature is estimated from phase-locked
OES. Note that the burst frequency is also increased with flow
speed, as mentioned in table 1. In the lowest flow speed case
at 75 cms~!, temperature monotonically increases with pulse
number in a burst, whereas, temperature increases till the sev-
enth and fifth pulse number and then decreases for higher flow
speeds of 150 and 300 cms~! respectively. These trends can
be attributed to the flow residence time in the discharge region
as the gas volume responsible for volume memory effects can
be blown out of the discharge region before all HV pulses are
delivered at higher flow speeds. At 500cms~! flow speed,
the pulse-to-pulse temperature rise is not observed indicat-
ing no pulse-to-pulse coupling. The ninth pulse temperature
decreases with an increase in flow speed whereas this trend is
not followed during the initial pulses. Memory effects during
the first pulses from the previous bursts are not the same at
different flow speeds, as the time between two bursts is varied
with flow speeds. Overall, we can conclude that longer res-
idence time leads to more energy addition into the same gas
volume and so more pulse-to-pulse temperature rise.

3.4.3. Effect of PRR on pulse-to-pulse coupling. In
figure 14, pulse-to-pulse gas temperature in air flows at 150
and 500cms~! flow speeds and 1-30kHz PRR are shown.
In air flow at 150cms~! flow speed cases, the pulse-to-pulse
temperature rise is seen for all PRRs higher than 1kHz. The
pulse-to-pulse temperature rise is higher at higher PRRs even
though the energy coupled into the plasma per pulse is almost
constant at different repetition rates. This can be attributed to
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Figure 14. Pulse-to-pulse gas temperature for various pulse
repetition rates in air plasma at (a) 150 cm s~!and (b) 500 cm s~
flow speeds.

1

the shorter time available for molecular and thermal diffusion
in-between plasma pulses at higher PRRs leading to a much
stronger pulse-to-pulse coupling.

In air flows at 500cms~! flow speed, a similar pulse-
to-pulse temperature rise is observed at PRRs above 5 kHz
PRR. The temperature reaches about 2000 K at 30 kHz PRR
for both flow speeds indicating pulse-to-pulse coupling is not
affected by flow speed at higher repetition rates. At slightly
lower PRR (5 and 10kHz), a decreasing trend in temperat-
ure is observed from the fifth pulse which we attribute to the
effect of flow speed as characterized in the previous section.
It is a bit unexpected as npmax = 9 for PRR > 5kHz. This
means that pulse-to-pulse coupling is achieved for much less
pulses at high flow speed than the expected value. So, the
discharge energy might go into new filament formation after
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Figure 15. An effective reduced electric field (E/N) for
various pulse repetition rates in air flows at (a) 150 cm s™
(b) 500cm s ™! flow speeds.

!and

the fifth pulse which can lead to the decrease in temperat-
ure. Furthermore, the pulse-to-pulse temperature rise is not
observed at 1-3kHz PRR in high flow speeds cases. These
trends are similar to the trends seen in plasma morphology and
ignition probability in the previous sections.

For both flow speeds, the air plasma gas temperature is
below the methane auto-ignition temperature (870K [58])
for conditions close to the critical PRRs and minimum num-
ber of pulses. This means that the observed ignition is initi-
ated at low-temperature. The conditions above critical PRR
and pulses per burst should be avoided as these are prone
to plasma NO, production because of the gas temperature of
about 2000 K.

Along with gas temperature, the pulse-to-pulse reduced
electric field is also estimated for various PRRs in air
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flows and results are plotted in figure 15. At both flow
speeds, a pulse-to-pulse increase in E/N is observed following
the trends in pulse-to-pulse gas temperature. Pulse-to-pulse
increase in gas temperature leads to a lower number density
of the gas and so higher E/N. The pulse-to-pulse temperature
rise is not observed at or below 1 and 3 kHz PRR for 150 and
500cms~! flow speeds, respectively. The effective reduced
electric field is measured to be around 240 Td with no pulse-
to-pulse increase for these conditions.

4. Conclusions

The effect of PRR on filamentary DBD plasma-assisted igni-
tion in lean methane-air flows is investigated in this work. For
that, a flow reactor is used with one electrode covered with
dielectric. DBD is operated with 10ns duration pulses with
about 21 kV peak voltage. The measurements are performed
in a burst plasma mode with 3-9 pulses per burst and a PRR
from 1 to 30 kHz. Pressure and methane-air flow equivalence
ratio are kept constant at 700 mbar and 0.6. Various kinds of
visualization and spectroscopy measurements are performed
to evaluate plasma and combustion ignition properties. From
the results, the following conclusions are derived.

Filamentary plasma is observed with about 300 um
FWHM. Filaments become brighter at higher pulse numbers,
which is attributed to cumulative plasma energy addition into
almost the same gas volume. We call this phenomenon pulse-
to-pulse coupling. Pulse-to-pulse coupling leads to a step-wise
increase in plasma gas temperature and effective reduced elec-
tric field. This coupling becomes stronger at higher PRRs.
The pulse-to-pulse coupling plays a crucial role in the ignition
of methane-air flows. From parametric visualization measure-
ments, we conclude that there exists a critical PRR and a min-
imum number of pulses value at a given flow speed to enable
strong enough pulse-to-pulse coupling which can create a suc-
cessful ignition kernel, otherwise a potential kernel quenches
quickly after plasma pulses. The critical PRR and the min-
imum number of pulses both increase with flow speed. We
found these values to be 3 kHz and six pulses and 5 kHz and
eight pulses for 150 and 500 cms~! flow speeds. Above these
critical values, ignition kernel size increases with the number
of pulses per burst and with PRR. The increment in kernel size
becomes less at higher PRR and number of pulses per burst.

Furthermore, by comparing results from air plasma temper-
ature measurements and critical conditions required for igni-
tion, we conclude that ignition initiates below the auto-ignition
temperature at the conditions close to critical PRR and the
minimum number of pulses. The conditions above these crit-
ical values should be avoided as the gas temperature goes
much higher (about 2000 K), which can lead to significantly
higher NO, production.

Data availability statement

All data that support the findings of this study are included
within the article (and any supplementary files).

Table 2. Measured npmax values for different flow speeds and PRR
in continuous plasma operations.

—1 —1

PRR VS upuix 0.5ms™! Ims 2ms
2kHz 37 15

3kHz 59 27 13
Appendix

Npmax derivation

The number of pulses for which pulse-to-pulse coupling
(pmax) can be observed depends on filament residence time in
the discharge zone and PRR. Filament residence time depends
on filament travel speed (Usilament) and distance traveled by the
filament in the discharge region (/fjament). Simply, it can be
formulated as

PRR

3

Npmax = Ifilament -
Ufilament

lfilament 18 tricky to estimate even though electrode dimen-
sions are known because it is difficult to predict filament ini-
tiation location. Moreover, we observe filaments moving in
the direction of the flow but the exact relationship between
Ugilament and flow speed is unknown. Also, is it expected that
the flow speed varies throughout the discharge region due to
a Poiseuille flow profile. Therefore, we used data from pulse-
to-pulse imaging in continuous pulsing mode reported in our
previous work [49]. The obtained values of npyay for various
conditions are summarized in table 2. From these measured
data, we arrived at the following empirical relation:

PRR

)
Ubulk

Npmax = 9. (€)]
where PRR is in kHz and the bulk flow velocity upyk is in
ms~!. It is important to note here that the equation gives an
absolute maximum value which might be difficult to achieve
in burst mode operations.

FWHM evaluation of plasma fiament

Samples of air plasma filament emission profiles along with
fitted Gaussian functions are shown in figure 16. The FWHM
of the fitted profiles is taken as the filament width which are
206 and 260 pm for respective cases shown in the figure.

Ignition kernel area evaluation

Ignition kernel growth is evaluated from high-speed chemilu-
minescence images using image post-processing program in
Matlab. It has three major steps. sample images after each
processing steps for various instances are shown in figure 18.
First, raw images are smoothen using the imgaussfilt and
imclose filters. The sigma parameter of the Gaussian filter is
kept to 6 and then the image is closed with a disk shaped struc-
ture with radius of 6 pixels. In the second step, the filtered
image is converted into a binary image. The cutoff for the
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Figure 16. Measured and fitted profile of air plasma filaments for (a) 3rd pulse and (b) 9th pulse in a burst at 30 kHz PRR and 150 cms ™!
flow speed.
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Figure 17. Intensity cutoff L.y VS maximum intensity Imax relation used for ignition kernel area calculation.

binarization (Ioyofr) Was set relative to the maximum intensity ~maximum intensity is above 2000 counts in images captured
(Imax) of the image. This helps to minimize blooming effects just after plasma pulses. Images are even saturated at many
due to image saturation. As it can be seen in figure 18, the of such instances. The relation of the binarization cutoff with
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Figure 18. Raw, filtered, and final images used for ignition kernel area calculation along with maximum measured and cutoff intensities at
various time instances for methane-air flow at 150 cms™! flow speed, 0.6 equivalence ratio, 7 pulses per burst, and at 3 kHz PRR.

respect to the maximum intensity is plotted in figure 17. After
plasma pulses and ignition kernel development phase, max-
imum intensity is about 1000 counts. In such cases, the cutoff
is kept constant to 180 counts. In the last step, the kernel area,
number of kernels, and centroid locations of the kernels are
evaluated using the regionprops function. The centroid loca-
tions are used to filter out the kernels which were ignited dur-
ing the previous burst. In this way, the area is tracked till 10 ms
after the burst initiation.
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