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Abstract
This work aims to find how coupled energy per pulse influences the ability of a pulsed dielectric
barrier discharge (DBD) plasma to ignite fuel-lean methane–air flow. For that, experiments are
performed on a custom-built DBD flow reactor with a variable dielectric thickness and the
discharge is operated by bursts of 10 ns duration pulses at 3 kHz repetition rate. With an increase
in dielectric thickness, we observe that the coupled energy per pulse decreases even though
applied voltage conditions are similar and so more pulses are required to ignite the lean mixture.
Interestingly, we observe a significant increase in the minimum ignition energy (MIE) with an
increase in the thickness beyond 3mm. Moreover, the ignition kernel growth rate is much
slower in the thicker dielectric cases even though total energy coupling per burst is similar. This
phenomenon is investigated further by evaluating plasma parameters using electrical and optical
diagnostics. Effective dielectric capacitance, discharge current, and voltage drop across the gas
gap are derived from an equivalent circuit analysis, whereas plasma gas temperature and
effective reduced electric field (E/N) are estimated from optical emission spectroscopy. From
these analyses, we conclude that a thicker dielectric limits the discharge current and so the
plasma filament temperature. For more than 3mm thick dielectric cases, the filament heating per
pulse is too low to achieve strong enough plasma pulse-to-pulse coupling which eventually
leads to higher MIE and slower ignition kernel growth rate or the inability to ignite at all.

Keywords: plasma-assisted combustion, pulsed DBD plasma, DBD equivalent circuit model,
optical emission spectroscopy, minimum ignition energy
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1. Introduction

Plasma-assisted ignition and flame stabilization in fuel-lean
conditions has gained a lot of attention from both the plasma
and combustion communities [1]. Flame temperature, soot,
CO, and NOx emissions are lower in fuel-lean conditions
compared to stoichiometric or rich conditions making com-
bustion cleaner [2]. However, ignition and flame stabilization
are challenging in such lean conditions. Plasma can support
lean combustion by providing heat and radicals on very short
timescales (∼ns−µs) [3, 4]. Fast plasma processes give an
edge to plasma-assisted combustion (PAC) over conventional
flame stabilization mechanisms such as flow re-circulation by
a bluff body or swirl, pilot flame stabilization, etc especially
in high-speed propulsion engines such as scramjets and tur-
bojets [5–9]. Another advantage of PAC is that it can have a
higher energy efficiency of radical production than conven-
tional thermal heating. This is achieved in non-equilibrium
plasmas by selectively putting energy in electronic excita-
tion and dissociation reactions. Electron energy loss fractions
in various non-equilibrium processes depend on the electron
energy distribution function which is governed by the reduced
electric field (E/N, where E is the electric field and N is the
gas number density) [10].When using PAC, the plasma energy
efficiency is especially important for domestic applications
such as heating or power generation [11, 12].

Traditionally, dielectric barrier discharges (DBDs) are
known for generating low-temperature non-equilibrium plas-
mas [13]. A DBD has at least one dielectric barrier between
the electrodes to restrict the current and prevent the transition
to a spark. The dielectric acts as a capacitor that can store a
maximum charge of Q= CD ·VD, where, CD is the dielectric
capacitance and VD the voltage drop over the capacitor. The
current stops at the maximum charging point and so does the
plasma. Hence, DBDs can only be operated by alternating or
pulsed electric fields. DBDs can have various types of elec-
trode constructions such as volume, surface, coplanar, capil-
lary, jet, etc [13, 14]. Typically, discharges occur in the form of
micro-discharges at near atmospheric or higher pressure con-
ditions [15, 16]. It is possible to generate a diffuse plasma
in pure gases like helium, neon, nitrogen, etc even at atmo-
spheric pressure by slowing down the breakdown and avoiding
the formation of rapid electric field gradients [17–19]. DBDs
are used for various chemical processes such as ozone genera-
tion [20], water treatment [21], CO2 dissociation [22] and dry
methane reforming [23]. The ability to generate radicals and
active species at lower plasma temperatures than fuel auto-
ignition temperatures makes DBDs suitable for combustion
applications. DBDs have been studied to enhance ignition [24,
25] and flame stabilization [26–28] in various operating con-
ditions and types of flames.

Recent developments in pulsed power technology
have made nanosecond pulsed power supplies available.
Nanosecond duration repetitively pulsed (NRP) discharges
have high energy loading at relatively high E/N [29, 30].
At near atmospheric pressure, NRP discharges can be in

corona, glow, non-equilibrium spark, or equilibrium spark
regime depending on operating conditions and electrode
construction [31, 32]. Typically, it is difficult to maintain
a plasma in one specific regime, as small changes in the
operating conditions can modify the plasma regime [33].
Especially the non-equilibrium spark to equilibrium spark
transition is very fast. Minesi et al have observed this trans-
ition within one pulse [34]. The equilibrium spark regime
can be avoided by using NRP discharges with a dielectric
barrier.

NRP discharge assisted ignition with and without dielec-
tric barrier has been studied by various researchers, using
pin-to-pin NRP spark discharge [35–38], pulsed corona dis-
charge [39–41], pulsed surface DBD [25, 42] and NRP dif-
fused DBD [43–45]. Lou et al [43] have shown that it is
possible to achieve low-temperature ignition of hydrocarbon-
air flows at low pressure (∼100mbar) using a NRP-operated
DBD. In our previous work, we have shown the possibility
of igniting methane–air flows at near atmospheric conditions
using NRP-operated DBDs while maintaining filament tem-
peratures clearly below the auto-ignition temperature [46,
47]. We highlighted the importance of plasma pulse-to-pulse
coupling for ignition. Also, we characterized the effects of
flow speed and pulse repetition rate (PRR) on the pulse-
to-pulse coupling [48]. Our previous studies [46, 48] are
performed on the same DBD reactor as in this work, with
5 mm discharge gap and one electrode covered with a 2 mm
thick dielectric. Along with these reported studies, we have
tried reactor configurations with both electrodes covered
with a 2mm thick dielectric. Even though we were able to
ignite plasma, we could not achieve methane–air ignition
which motivated us to perform the parametric study reported
here.

In this work, we aim to investigate the influence of the
dielectric and most importantly its thickness (d) on the
plasma pulse-to-pulse coupling and thereby its ability to ignite
methane–air flows. The maximum charge storing capacity (Q)
is proportional to CD which is inversely proportional to d.
This means that plasma energy coupling should reduce with
increasing d for constant applied voltages. In this way, we
study the effect of plasma energy on the ignition and find the
minimum ignition energy (MIE). Along with dielectric thick-
ness, a parametric study is performed for various pressures and
the number of pulses per burst while flow speed and equival-
ence ratio are kept constant so that hypotheses on the effect
of dielectric thickness can be verified. Systematic optical and
electric diagnostics are performed for varying dielectric thick-
ness. Firstly, we discuss the plasma morphology and ignition
probability evaluated from high-speed imaging. Then, the res-
ults from electrical measurements and the equivalent circuit
analysis are presented. This provides information on plasma
energy per pulse, dielectric capacitance (CD), discharge cur-
rent (IR), and gas gap voltage (VG). Lastly, we highlight plasma
properties such as gas temperature, reduced electric field, and
electron density determined from optical emission spectro-
scopy (OES).
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Figure 1. (a) Schematics of the experimental setup and (b) schematics cross-section views from two sides of the DBD reactor (all
dimensions are in mm) [46]. Reproduced from [48]. © R Patel, J van Oijen, S Nijdam, and N Dam). Published by IOP Publishing Ltd.
CC BY 4.0.

2. Experimental setup and methods

2.1. Experimental setup

In this workwe use the experimental setup that was extensively
described in a previous paper [46]. Schematics of the over-
all setup along with cross-sectional views of the main reactor
are shown in figure 1. The main reactor consists of a quartz
flow channel with a DBD arrangement. A ball-shaped high-
voltage (HV) electrode is embedded inside a resin and placed
over the quartz tube. A semi-cylindrical rod is placed inside
the quartz tube and is connected to ground. This arrangement
leaves a 5 mm minimum discharge gap through which air or
a methane–air mixture flows. The quartz tube and resin layer
act as a dielectric. The quartz wall thickness is 0.9 (±0.1)mm
and the resin layer thickness is varied in order to study the
effect of dielectric thickness. The minimum resin layer thick-
nesses (at the axis of the HV electrode) studied in this work
are 1, 2, 4, 6, and 8 mm. The resin layer thickness is con-
trolled by embedding HV electrode using a custom-made
mold in which the ball distance from the bottom surface of
the mold can be controlled with about ±0.2 mm accuracy.
For simplicity, these cases are referred to by their approx-
imate total thicknesses (d) which are 2, 3, 5, 7, and 9 mm
respectively.

The DBD is operated using pulses of approximately
10 ns, with a peak voltage of around 30 kV and a PRR of
3 kHz, derived from a Megaimpulse NPG-3500 power sup-
ply. Samples of voltage and current waveforms are shown in
figure 2. The flow system is built such that mass flow rate and
pressure can be varied independently. All measurements are
performed in burst mode at a fixed 90 Hz burst frequency,
3 kHz PRR, and 1.5 m s−1 flow speed, whereas the num-
ber of pulses per burst (nb) and pressure (p) are varied. The
110 ms between bursts is longer than the residence time of the

Figure 2. Voltage, current, and energy waveforms of an air plasma
at p= 700mbar and for d= 2mm. nb = 10, and np = 7. Waveforms
are averaged over 50 pulses.

gas between the electrodes, so individual bursts are independ-
ent of each other. The pulse number in a burst is denoted as
np which ranges from 1 to nb (the total number of pulses per
burst).

2.2. Diagnostic methods

2.2.1. High-speed visualization. A combination of a
Photron SA-X3 high-speed camera and a La-Vision high-
speed intensifier (IRO) is used for the visualization meas-
urements. The measurements are performed in two ways:
the first is to capture pulse-to-pulse plasma images. For that,
the camera frame rate and intensifier gate delay are set such

3
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Figure 3. Schematics of timing diagram for various diagnostics (a)
pulse-to-pulse plasma imaging at burst frequency = 90 Hz, PRR =
3 kHz, nb = 7, and camera exposure = 1µs, (b) ignition kernel
development visualization at PRR = 3 kHz, camera frame-rate =
24 kHz and camera exposure = 30µs, and (c) phase-locked OES at
burst frequency = 90 Hz, PRR = 3 kHz, nb = 7, np = 3, and camera
exposure = 300 ns. Reproduced from [46]. CC BY 4.0.

that emission from a single plasma pulse is captured in each
frame. The camera gate is set to 1000 ns, which is long enough
to capture all of the plasma optical emission. The second way
of measurement is to visualize ignition kernel development in
methane–air flows. Camera and plasma timings are set such
that only combustion chemiluminescence is captured by skip-
ping the time period with most plasma emission. A 30µs gate
is used in this case. Schematics of the timing diagram for both
types of measurement are shown in figure 3 and the detailed
description can be found in our previous paper [46].

Figure 4. A schematics of the equivalent circuit description of the
DBD reactor. Nomenclature is described in the text.

2.2.2. Electrical diagnostics and equivalent circuit
analysis. Instantaneous applied voltage (VT) and current (IT)
waveforms are measured using a homemade D-dot sensor [49]
and anAMSCT-F 1.0 S current probe. As shown in figure 1(a),
the current probe is placed at the ground side such that current
flowing through the discharge region can be measured and
interference from most of the parasitic current can be avoided.
The voltage and current probes have bandwidths of about
1GHz and 500MHz respectively. Both waveforms are recor-
ded using a Lecroy 400MHz oscilloscope at 5 gigasamples per
second. Along with voltage and current sample waveforms,
a resulting energy waveform is also plotted in figure 2. The
energy (ET) is calculated using:

ET (t) =
ˆ
VT (t) · IT (t) dt. (1)

About 1.8mJ is coupled in by the main pulse which increases
to about 2.8mJ after about one microsecond due to reflections
of the pulse in the electrical system.

The measured current is the total current and includes both
capacitive and resistive components. The resistive component
is the discharge current whereas most of the capacitive part
reflects back from the reactor. Therefore, the instantaneous
energy calculated using equation (1) has a peak of about 2.8mJ
which reduces to 1.8mJ once capacitive energy has reflected.
An equivalent circuit analysis is performed to derive discharge
current (IR), voltage drop across gas gap (VG), and discharge
power (PR) [50–52].

A schematic of the used equivalent circuit of the DBD
reactor is shown in figure 4. Here, the dielectric (quartz +
resin) is represented as a capacitor with capacitance CD. The
gas gap is represented by a capacitor (CG) in parallel with a
variable resistor (R). The dielectric and gas gap are connected
in series. Ccell is the reactor total capacitance without plasma
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ignition. It is basically a series connection of the dielectric and
gas gap capacitance:

1
Ccell

=
1
CD

+
1
CG

. (2)

From Kirchhoff’s current law, the resistive current (IR) and
voltage drop across the gas gap (VG) can be derived [50]:

IR (t) =
1

1− Ccell
CD

(
IT (t)−Ccell ·

dVT (t)
dt

)
, (3)

VG (t) = VT (t)−
´
IT (t) dt
CD

. (4)

These equations depend on the parameters which can be meas-
ured directly or derived from the measured parameters.

Typically, as per (2), Ccell depends on CD and CG but they
are also unknown and therefore Ccell is estimated using

IT (t) = Ccell ·
dVT (t)

dt
, (5)

which is acquired under conditions where no discharge occurs.
Thus, Ccell is estimated as the ratio of the peak value of IT and
the peak of the time derivative of VT.
CD is evaluated from QV plots as described by Pipa

et al [53, 54]. Equation (4) can be rewritten as

Qmax = CD · (VQmax −Vres) , (6)

for the maximum charge condition at the dielectric surface.
Here, Qmax represents the maximum charge and VQmax is the
applied voltage at the time of maximum charge. Vres is the
voltage drop across the gas gap at the maximum charge con-
dition and should be close to the plasma extinction voltage.
Therefore, Vres is assumed to be independent of the applied
voltage. If the relation between Qmax and VQmax is linear for
various applied voltages, then the slope of this line represents
CD as shown in figure 5. The slope of a linear fit through the
maximum charging points represents CD = 7.2pF for 2 mm
dielectric thickness.

2.2.3. Optical emission spectroscopy (OES). OES is per-
formed in order to evaluate two plasma parameters: (1) gas
temperature and (2) effective reduced electric field (E/N). An
Acton instruments 500i imaging spectrograph is used along
with a Roper Scientific PIMAX2 ICCD camera. Phase-locked
measurements are performed, as shown in figure 3, using over
2000 shots for each parameter set with a 300 ns camera gate. A
detailed description of the setup can be found in our previous
work [46]. The spectrograph slit is kept perpendicular to the
discharge gap so that plasma optical emission from 1.25 mm
above the grounded electrode is collected.

The gas temperature can be assumed to be close to the
rotational temperature of the N2(C) state [32, 55]. The rota-
tional temperature of the N2(C) state is evaluated by fitting
the N2(C→ B,∆ν = 1) band around 380 nm. The fitting is

Figure 5. Charge vs applied voltage plot for the tenth pulse in a
burst for d= 2mm, np = 10, nb = 10, p= 700mbar and various
applied voltages.

performed using the MassiveOES tool as it allows batch pro-
cessing of the spectra and it supplies fitting quality estima-
tions [56, 57]. A sample of a measured spectrum with a fit-
ted spectrum and residuals for the seventh pulse in an air
plasma at 700 mbar with 3 mm dielectric thickness is shown
in figure 6(a). An effective E/N is estimated from the intens-
ity ratio of the emission from the N2(C→ B,2− 5) and N+

2
(B→ X,0− 0) transitions. Sample spectra of these transitions
for various pulse numbers are shown in figure 6(b). The experi-
mentally measured intensity ratio is correlated with E/N using
the empirical relation given by Paris et al [58].

3. Results and discussions

For all measurements, the gas (air or a methane–air mix-
ture) flow speed and plasma burst frequency are fixed to
1.5 m s−1 and 90 Hz. Parametric studies are performed for
various dielectric thicknesses, pressures, and number of pulses
per burst. As explained in the previous section, three major
types of experiments are performed and the results are dis-
cussed below.

3.1. Pulse-to-pulse plasma morphology

Pulse-to-pulse air plasma images are shown in figure 7 for
various dielectric thicknesses and pulse numbers at 700 mbar.
Two burst cases for each thickness are shown. The d= 2mm
case has been extensively studied in our previous work [46].
For this case we observe strong pulse-to-pulse coupling from
the second pulse onwards which changes the plasma morpho-
logy from distributed multiple weak filaments to a few strong
filaments. In literature, this phenomenon is often referred to
as ‘plasma memory effect’. Long lived negative ions (such as
O−,O−

2 ,O
−
3 ) [30, 59] or charges stored at the dielectric sur-

face [60] provide initial free electrons for discharge initiation.
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Figure 6. (a) Measured emission spectrum of air plasma with the fitted spectrum and residual at d= 3mm, np = 7, nb = 10, and
p= 700mbar, and (b) measured emission spectra of air plasma used for E/N estimations at d= 3mm, np = 1,5,9, nb = 10, and
p= 700mbar.

Figure 7. Pulse-to-pulse air plasma discharge images for various dielectric thicknesses at p= 700mbar and nb = 10. Two burst cases for
each dielectric thickness are shown to get an impression of reproducibility. The intensity scale is varied per thickness setting. The flow
direction is from left to right. The reds seen in the first two columns are due to the software error while storing the images.
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Figure 8. High-speed images of ignition kernel development in
methane–air flows at p= 700mbar and d= 2mm with nb = 5 (left
panel burst duration 1.66 ms) or d= 7mm with nb = 12 (right panel
burst duration 4 ms).

Once the discharge is initiated, it flows through the easier path
created by the residual heat from the previous discharge.

We can observe that the plasma becomes less and less
intense with an increase in dielectric thickness. At d= 5mm,
we observe multiple weak filaments up till five pulses and
strong pulse-to-pulse coupling starting only from the ninth
pulse. The pulse-to-pulse coupling is very weak for d= 7mm,
and no coupling is observed for d= 9mm. We have reported
similar behavior of weakening of the pulse-to-pulse coupling
at higher flow speeds, lower PRR, and lower pressures [46,
48]. This was attributed to lower flow residence time inside
the discharge region or lower plasma gas heating. We invest-
igate this phenomenon in more detail below.

3.2. Lean methane–air mixture ignition probability (Pign)

In order to investigate the influence of dielectric thickness on
plasma ability to ignite, a premixed methane–air mixture of
0.6 equivalence ratio is fed to the reactor. Combustion chemi-
luminescence imaging at high speed is performed for various
parameters. Two sample image series for d= 2 and 7 mm are
shown in figure 8. The number of pulses per burst is kept to 5
and 12, respectively. Similar to our previous reports, a small
ignition kernel near the grounded electrode is observed first
which leads to the development of a self-sustained ignition
kernel. Contrary to the d= 2mm case, no signal is detected
up till 3 ms for d= 7mm. This indicates that 6 pulses are not
enough to ignite the methane–air mixture d= 7mm. A small
emission pocket is seen at 3 ms leading to successful ignition
kernel development. From the image series consisting of more
than 50 bursts, we have determined the number of bursts with
successful ignition and from that the ignition probability. Pign

is the ratio between these two numbers and is expressed as per-
centage. This is done for various sets of dielectric thicknesses,

number of pulses per burst, and pressures and the results are
plotted in figure 9.

We observe an increase in the minimum number of pulses
required for ignition for increasing dielectric thickness. At
700 mbar, a minimum of 4, 5, and 9 pulses is required to
achieve over 90% successful ignition probability for 2, 3, and
5 mm thickness, respectively. A maximum of about 35% igni-
tion probability is observed at d= 7mm and ignition is not
observed at all at d= 9mm. These trends are consistent with
the trend observed for pulse-to-pulse coupling in air plasma.

At lower pressures, more pulses are required for ignition
for all dielectric thicknesses. We found 35% maximum igni-
tion probability at d= 7mm and 700 mbar which goes to
zero at 500 mbar. Similarly, the 100% ignition probability at
d= 5mm and 700 or 500mbar goes to nearly zero at 400mbar.
It is known that the MIE for methane is inversely proportional
to pressure squared [61]. Moreover, we have reported a change
in plasma morphology and less pulse-to-pulse plasma heating
at reduced pressures. The combination of these phenomena
can explain the ignition probability trends observed for lower
pressures.

From the above measurements, it is evident that the plasma
becomes weaker with increasing dielectric thickness and so
does the plasma ability to ignite the methane–air mixture. In
order to further characterize this phenomenon, we quantify the
coupled energy per pulse and evaluate ignition efficiency in the
next section. Subsequently, the effects of dielectric thickness
on discharge current, the voltage drop across the gas gap, and
discharge power are analyzed to gain more insights.

3.3. Electrical diagnostics

3.3.1. Energy coupled into plasma. The total energy
coupled into the plasma is evaluated from the measured
voltage and current waveforms using equation (1). The
coupled energy during the first microsecond (using the tim-
ing shown in figure 2) for various peak voltages and dielectric
thicknesses in an air plasma at 700 mbar is plotted in figure 10.
This duration was chosen such that energy input due to reflec-
tions is also included in the plotted values. Each data cluster in
figure 10 represents 2–10 pulse numbers of a burst at the same
applied voltage condition from the power supply. Even though
the applied voltage setting of the power supply is the same, the
measured voltage in a cluster can vary a bit depending on the
reactor impedance and PRR.

We measure about 1.5 kV higher voltages during the first
pulses of each burst and energy coupling is less or equal
to other pulses depending on whether the discharge is able
to ignite or not. For simplicity, the first pulse data are not
included in these plots; these are discussed in section 3.3.3.
Moreover, each data point is a mean of over 50 waveforms
captured at fixed operating conditions and pulse numbers. Two
representative error bars are shown for d= 2mm. The error is
mostly dominated by imperfect phase matching of the voltage
and current waveforms.

Twomajor trends from the plot can be highlighted. The first
is that the energy coupling per pulse decreases with applied
voltage. For d= 2mm, the energy decreases from about 2.8mJ

7
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Figure 9. Successful ignition probabilities for various dielectric
thicknesses and number of pulses per burst at 0.6 equivalence ratio
and at (a) 700 mbar, (b) 500 mbar, and (c) 400 mbar pressures.

Figure 10. Energy coupled into an air plasma for various dielectric
thicknesses and applied voltages at nb = 10, np = 2–10, and
p= 500mbar. To avoid overcrowding, we have added only two error
bars, but they are representative for all points.

per pulse at about 28 kV to about 0.8mJ per pulse at 20 kV.
The second trend is the energy coupling for thicker dielec-
trics is lower at similar applied voltages. Themaximum energy
coupling of about 2.8mJ per pulse reduces by a factor of 4
to 0.7mJ when increasing the dielectric thickness from 2 to
9 mm. Almost no energy is coupled in for thicker dielectrics
at the lowest voltages which means that no plasma is ignited
in these conditions.

The lower energy coupling for thicker dielectrics can
explain the trends observed for plasma morphology and igni-
tion probability in the previous sections. We evaluate MIE
from equation (7)

MIE= nb(Pign>80%) ·ET, (7)

where nb(Pign>80%) is a minimum number of pulses per burst
needed to achieve more than 80% ignition probability and ET

is the total coupled energy in the burst. Table 1 includes MIE
for various dielectric thicknesses and pressures. Moreover, the
maximum total energies per burst studied in this work for not
igniting conditions are summarized in table 2. The parametric
study is performed up to nb = 14 pulses so the total energy
coupled during 14 pulses is the studied maximum energy per
burst. It is expected that MIE increases as pressure is reduced
for a given dielectric thickness [61].

Importantly, MIE increases significantly with the increase
in the thickness for more than 3 mm, to the point at which
ignition is not achieved even though total coupled energy is
similar. In order to study the influence of energy per pulse on
ignition kernel growth rate, the high-speed image series are
processed using MatLab script, and the ignition kernel area
for each time step is evaluated. The image processing steps are
explained in our previous work [48]. The results are plotted in
figure 11. The number of pulses per burst is also varied to keep
the total energy coupling per burst similar (about 11mJ) and
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Table 1. Minimum ignition energy (MIE) in mJ for various
dielectric thickness and pressure conditions. Conditions in which
more than 80% ignition probability is not observed are represented
as No Ign.

d 700 mbar 500 mbar 400 mbar

2 7.9 14.1 21.6
3 7.1 13.4 20.1
5 10.6 15.4 No Ign.
7 No Ign. No Ign. No Ign.
9 No Ign. No Ign. No Ign.

Table 2. Maximum energy per burst studied in this work for the
conditions without 80% ignition probability.

d 700 mbar 500 mbar 400 mbar

5 25.5
7 8.3 12.3 16.7
9 3.6 8.6 9.9

Figure 11. Ignition kernel growth rate for various dielectric
thicknesses at 0.6 equivalence ratio and 700 mbar. The number of
pulses per burst is also varied to keep the total energy coupling per
burst almost constant. The mean areas and their standard deviations
over 50 events are represented by the solid lines and shaded areas
respectively.

the ignition probability at 100%. It is evident that the ignition
kernel growth rate ismuch higher for 2mmdielectric thickness
than for thicker dielectrics. This means that a higher energy per
pulse is beneficial for ignition kernel growth. Moreover, from
our previous work [48], we know that the ignition kernel size
is a function of total energy coupling per burst (i.e. the num-
ber of pulses per burst at fixed PRRmultiplied with the energy
per pulse) whereas in this work we observe the contrary. For
thicker dielectrics, the pulse-to-pulse coupling is not observed
for initial pulses of bursts so not all measured energy is con-
tributing to ignition kernel development.

3.3.2. Dielectric capacitance (CD) estimation. As we know,
the energy coupling per pulse is directly related to the dielec-
tric capacitance (CD). The CD values are estimated for all
thickness cases using the method described in section 2.2.2.

Figure 12. Maximum charge vs applied voltage at maximum
charging for various dielectric thicknesses, and applied voltages at
p= 700mbar for d= 2&3mm and p= 500mbar for
d= 5, 7&9mm.

Table 3. Estimated CD values for different dielectric thickness with
their 95% confidence interval.

d mean CD (pF) 95% confidence interval (pF)

2 7.0 [6.7–7.2]
3 5.6 [5.4–5.8]
5 4.3 [4.3–4.4]
7 4.2 [4.2–4.3]
9 3.9 [3.7–4.0]

Sample plots of charge (Q) vs applied voltage (VT) of the tenth
pulses in air plasma for various applied voltages, 2 mm dielec-
tric, and 700 mbar pressure are shown in figure 5. The slope
of a linear fit through the maximum charging points repres-
ents CD, here resulting in 7.2 pF. Similarly, Qmax vs VQmax for
various applied voltages, pulse numbers, and dielectric thick-
nesses is shown in figure 12(b) along with fitted lines for each
thickness. Four to ten pulse numbers (np = 4–10) are used for
the calculations to ensure plasma breakdown with maximum
charging of the dielectric. For the same reason, the experi-
ments are performed also at a lower pressure (500 mbar) for
thicker dielectrics (5, 7, and 9 mm). Here, an assumption is
that the dielectric surface area covered by the charge stays
the same with pressure. This is reasonable because the sur-
face discharge over the dielectric surface is much bigger than
the filament cross-sectional area at the studied pressures and
the surface discharge is not expected to be perturbed much by
the small pressure variation. The estimated effectiveCD values
are summarized in table 3.

3.3.3. Parameters derived from voltage, current, and energy
waveforms. The resistive and capacitive components of the
measured voltage and current waveforms are derived using
estimated CD and Ccell values calculated with equations (3)
and (4). Voltage, current, and energy components of the first
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Figure 13. Voltage, current, and energy waveform components for
d= 2mm, nb = 10, np = 1, and p= 700mbar.

pulse of an air plasma at 700 mbar and 2 mm thick dielec-
tric are shown in figure 13. The solid blue line is the meas-
ured voltage waveform VT whereas the voltage drop over the
gas gap VG and over the dielectric VD are shown with dashed
red and dotted green lines, respectively. Initially, before the
plasma breaks down, VT is linearly divided over VG and VD.
The division ratio depends on the values of CG and CD.
After the 20 ns mark, VG drops faster than VT whereas VD

increases even though VT decreases. Similarly, the capacitive
current (IC) initially follows IT showing that the reactor works
as a capacitor. At about the 20 ns mark, we see the occur-
rence of a resistive current (IR) indicating plasma breakdown.
After plasma breakdown, the gas gap resistance decreases and
so does VG. Because VD ∝ Q, VD increases even though VT

decreases. Overall, this analysis gives information about VG

and IR which cannot be measured directly. Discharge energy
(ER) is calculated by

´
VG · IR dt.

In order to visualize the pulse-to-pulse effects on the dis-
charge properties, IR waveforms for various pulse numbers,
2mmdielectric thickness and 700mbar are shown in figure 14.
It is quite evident that plasma breakdown happens faster with
increasing pulse number. The IR peaks observed for the initial
pulses (i.e. 1 & 2) are narrower and higher than peaks during
later pulses (i.e. 7–10). From the pulse-to-pulse plasma visu-
alization discussed in section 3.1, we know that the plasma
filament occupies almost the same gas volume for consecut-
ive pulses under these conditions. In the next section, we will

Figure 14. Examples of the resistive current component (IR)
ford= 2mm, nb = 10, p= 700mbar, and various pulse numbers
(np) in a burst. The VT waveform is also included for reference
(dotted black curve).

show that this pulse-to-pulse behavior leads to an increase in
gas temperature. This allows plasma ignition at lower VT as
the lower VT is compensated by lower gas density.

The peak IR and the time of the peak IR for various pulse
numbers and dielectric thicknesses are plotted in figure 15. The
standard deviation over about 50 burst cases is shown as the
error bar. It shows about 4% deviation in peak IR. Even though
we have assumed the surface discharge area to be constant
from pulse to pulse, we expect that small variations in the sur-
face area of the discharge will influenceCD values and thereby
the peak IR. As mentioned in table 3, the variance in CD values
is about 4%whichwould lead to about 1.5% extra error in peak
IR values. The time axis presented in the figure is the same as
in figures 13 and 14meaning that the 20 ns mark represents the
time of peak VT. As discussed above, plasma breakdown hap-
pens faster and the peak IR value decreases from pulse to pulse
for d= 2mm and d= 3mm. For thicker dielectrics, both val-
ues stay almost constant after the first pulse. This can be attrib-
uted to weaker pulse-to-pulse coupling and lesser gas heating.
Moreover, peak IR values for initial pulses are much lower
than for later pulses which indicates weaker plasma ignition.
Note that the dielectric thickness has a significant influence on
IR. Below, we will estimate the electron density (ne) and the
effective reduced electric field (E/N) at a peak IR from OES.

Along with IR, VG is also important as it governs E/N and
thereby the plasma kinetics. Mean values of VG at the time
of peak IR are plotted for various dielectric thicknesses along
with mean peak resistive powers PR in figure 16. The mean VG

values vary between 14–18 kV for various thicknesses. The
smallest value of about 14 kV is observed for 2 mm dielec-
tric as breakdown happens on the rising edge of the applied
voltage. Similar to peak IR, the variation in surface discharge
area from pulse-to-pulse would result in about 3% extra error
in VG on top of the standard deviations shown in the figure.
Moreover, the mean peak PR halves by increasing the thick-
ness from 2 to 9 mm which is due to the decrease of the peak
resistive current.
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Figure 15. (a) Peak resistive current and (b) time of the current
peak for various pulse numbers (np) and dielectric thicknesses (d) at
nb = 10 and p= 700mbar. The applied voltage peaks at t= 20 ns.

4. Optical emission spectroscopy (OES)

Lastly, OES is performed to quantify the effect of dielectric
thickness on plasma gas temperature and effective reduced
electric field (E/N). Sample spectra and methods used for the
estimations are described in section 2.2.3. Gas temperatures as
function of pulse number for air and methane–air plasmas at
700 mbar are plotted in figure 17. At this pressure, OES is not
possible for 9 mm dielectric because of the very weak plasma
emissions.

In air, we observe a significant pulse-to-pulse temperature
rise for d= 2mm. The temperature during the fourth pulse is
about 650 K which increases up to about 900 K at the sev-
enth pulse. A similar trend is seen for d= 3mm but at higher
pulse numbers. The temperature reaches about 650 K dur-
ing the seventh pulse, so three more pulses are needed com-
pared to d= 2mm. Almost no pulse-to-pulse gas heating is
observed for d= 5 and 7 mm. These trends are consistent with
the plasma morphology and peak IR results discussed in the
previous sections.

Figure 16. Mean voltage drop across gas gap (VG) at peak resistive
current (IR) and mean peak resistive power for (PR) for nb = 10 and
p= 700mbar. Averaging is performed over 2 to 10 pulses.

The temperature rises much faster in the methane–air mix-
ture than in air. This indicates that combustion heat release
provides a major contribution to the temperature rise in the
combustible mixture. Only three pulses are needed to exceed
1000 K for d= 2mm dielectric, indicating combustion igni-
tion. Similarly, four pulses are needed for d= 3mm even
though more than five pulses are needed for significant pulse-
to-pulse heating in air. This means that less plasma pulses are
required for pulse-to-pulse coupling in a methane–air mixture
than in air. This phenomenon is more visible for thicker dielec-
trics or cases with lower energy coupling per pulse because
small heat addition from combustion heat release can have a
significant influence on plasma morphology in these condi-
tions. Rousso et al [62] have characterized this phenomenon
and reported diffuse to filamentary mode transition in the pres-
ence of fuel. The results are attributed to temperature rise due
to combustion heat release.

In figure 18, the development of E/N as function of pulse
number for various dielectric thickness are plotted. It is quite
evident that the development closely follows the gas temper-
ature trends in air plasma. This can be attributed to the lower
gas density (N) at higher temperatures. Note that E/N dur-
ing the first pulse decreases with dielectric thickness. The
first pulses of a burst occur in virgin gas at room temperat-
ure such that E/N depends only on VG. From the equival-
ent circuit analysis we know that VG is inversely proportional
to the dielectric thickness. Hence, E/N is inversely related
to the thickness for the first pulses. However, E/N is also
governed by gas temperature for the rest of the pulses of
the burst. That is why pulse-to-pulse E/N changes signific-
antly for thinner dielectrics even though VG is almost constant.
Overall, it is clear that E/N estimations only from the equival-
ent circuit analysis (from VT or VG) can be misleading in such
conditions.

Electron number density (ne) can be estimated from

j = ne · e ·µ ·N ·E/N, (8)
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Figure 17. Gas temperature obtained from OES data for various
pulse numbers, dielectric thicknesses, and p= 700mbar in (a) air
and (b) methane–air, ϕ= 0.6.

where j = IR/(πD2/4) is the current density, D the fila-
ment diameter, ne the electron density, e the elementary
charge, and µ the electron mobility. For the second pulse,
2 mm dielectric, and 700 mbar, IR = 48.4A (see figure 15(a)),
D= 0.36mm [48], µN= 8.8 · 1023m−1V−1 s−1 [63, 64], and
E/N= 344Td (figure 18). This gives a peak ne = 9.7 ·
1015 (±8.1 · 1015) cm−3 for the second pulse. The biggest
uncertainty in this approach comes from the filament dia-
meter (D) estimation which is assumed to be equal to the full
width at half maximum of plasma light emission. Moreover,
the estimated E/N is obtained from averaging the emission
spectrum over the pulse duration and filament width. The
real peak E/N will therefore be different from the reported
effective value. Due to these uncertainties, we will not discuss
the effects of dielectric thicknesses and pulse numbers on ne.
Advanced laser diagnostics such as Thomson scattering [65]
or E-FISH [66, 67] can be used to reduce the uncertainties.

Figure 18. Effective reduced electric field obtained from OES data
for various pulse numbers, dielectric thicknesses. All in
p= 700mbar air.

However, stabilizing the micro discharges at one location for
plasma and laser interaction is also challenging.

5. Conclusions

We have investigated the effects of dielectric thickness on
pulsed DBD plasma-assisted ignition of methane–air flows.
We used a custom-built DBD reactor with one electrode
covered with a dielectric, the thickness of which is varied.
Experiments are performed in burst mode with various num-
bers of pulses per burst at a fixed 3 kHz PRR, 90 Hz burst
frequency, and 1.5 m s−1 bulk flow speed.

From high-speed chemiluminescence visualization, we
conclude that more pulses are required for thicker dielectrics to
ignite the lean methane–air mixture with 0.6 equivalence ratio.
For 9 mm thick dielectric, combustion ignition is not achieved
at all even though plasma breakdown is observed. This phe-
nomenon is further investigated by performing electrical and
optical diagnostics of the discharge and important outcomes
are the following: with an increase in dielectric thickness,

• the plasma energy per pulse decreases significantly and so
more pulses are required to ignite lean methane–air flow
hence slowing down the ignition kernel growth rate. MIE
is found to be minimum for 3 mm thickness cases.

• the plasma remains longer distributed over multiple weak
filaments which suggests weaker pulse-to-pulse plasma
coupling. This can explain why the pulse-to-pulse gas heat-
ing is much lower for the thicker dielectrics.

• the effective dielectric capacitance (CD) decreases, leading
to a decrease in charge storing capacity and thereby in peak
resistive current (IR).

• the voltage drop across the gas gap (VG) decreases and
thereby the effective E/N during the first few pulses of a
burst. However, during later pulses, the effectiveE/N is gov-
erned by pulse-to-pulse gas heating.
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Lower MIE can be achieved by distributing ignition energy
overmultiple weaker pulses rather than using a few very strong
pulses because radicals’ production efficiency decreases
drastically as equilibrium plasma transition occurs during a
pulse. Experiments reported by Shen et al [68] indicate that
MIE decreases non-linearly with coupled energy per pulse in
NRP-operated pin-to-pin discharges. Mao et al [69] have sim-
ulated similar discharge conditions and reported lower ignition
energy for double pulse ignition than a single pulse. Contrary,
we observe an increase in MIE with an increase in dielec-
tric thickness for more than 3 mm because the plasma energy
density is too low to achieve significant pulse-to-pulse coup-
ling. Overall, we conclude that, in order to achieve pulsed
DBD plasma-assisted ignition at near atmospheric conditions,
there exists a cut-off coupled energy per pulse at which plasma
non-equilibrium efficiency and pulse-to-pulse coupling can be
optimized.
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