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ABSTRACT

In this paper, multi-hollow surface dielectric barrier discharge generated by a perforated ceramic substrate in a configuration with the air-
exposed electrode was investigated. The electrical characteristics (discharge power, peak, and average amplitude of current pulses) and optical
characteristics (emission intensity) of the discharge were evaluated under various conditions of applied voltage (peak voltage 3–6 kV, fre-
quency 200–2000Hz), air flow rate (0.5–2.4 L/min), and air relative humidity (0%–80%). Temperature of ceramic substrate was also moni-
tored. Statistical analysis of current pulses was also performed, and histograms of amplitudes of current pulses were calculated. The results
showed that discharge characteristics strictly depend on given working conditions. The analysis of current pulses showed opposite trends in
average overall number of positive and negative pulses with an increase of discharge power: number of positive current pulses gradually
increased, while number of negative current pulses slightly decreased. The highest peak currents were found at 4 kV (1.8W). With further
increase of peak voltage, peak current decreased and beginning of detection of current pulses upon a rising (declining) slope of applied volt-
age was slightly shifted toward earlier times. At the highest applied peak voltage, pulses appeared even before polarity of applied voltage
reversed. Therefore, we suppose that a residual charge accumulated on dielectric surface plays a crucial role in characteristics of the current
pulses. Significant influence on current pulses and discharge emission intensity was also found with a change of air relative humidity, while
the effect of air flow rate was found weaker.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0101496

I. INTRODUCTION

Dielectric barrier discharges (DBDs) have been investigated for
many decades as one of the most promising nonthermal plasma
(NTP) sources because of their simplicity, scalability, and the availabil-
ity of reliable, efficient, and affordable power supplies.1 They are
defined as electrical discharges with electrode configuration consisting
of dielectric material in the discharge region.2 The role of dielectric is
to limit the average current density in the gas, and thus, it acts as a
series ballast resistor.1 Principles and underlying physical phenomena
of the DBDs have been well described and discussed in many review
papers and textbooks.3–9 Since 1857, when DBD was first used for the

ozone generation,10 the DBDs have become increasingly attractive,
and nowadays, they are widely used in many applications, e.g., surface
treatment,11,12 air pollution control,13 bio-decontamination,14,15 air
flow modification and control,16,17 excimer lamps,18 plasma displays,19

ion source in analytical detection devices,20 and so on.
According to electrode configuration, two basic types of DBD

can be distinguished—volume and surface discharge. In the volume
dielectric barrier discharges, one or both electrodes are covered by the
dielectric barrier and the NTP forms in the gas space between them.
In the surface dielectric barrier discharges (SDBDs), both electrodes
are in direct contact with the same barrier and the NTP forms on the
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dielectric surface.2,21 At atmospheric pressure, the DBDs consist of
numerous microdischarges (filaments) with number being propor-
tional to the amplitude of the applied voltage. The current pulses
(peaks) recorded by the oscilloscope are, indeed, the electrical signa-
ture of the microdischarges and are a measure of the transferred
charge within discharge region.8,22 Therefore, in-depth investigation of
characteristics of the current pulses is very important.

SDBDs have been predominantly used for surface treatment
applications and flow control in aerodynamic applications. For the
applications of surface treatment of various materials, a diffuse copla-
nar surface barrier discharge (DCSBD) has a special position due to
generation of a thin layer of NTP with a high-power density in a close
vicinity of the treated surface.23–25 In flow control applications, so-
called plasma actuators usually based on SDBDs are commonly
used.16,17 They are typically composed of dielectric barrier and two
electrodes placed on both its sides with symmetrical or asymmetrical
pattern.

In the recent years, a special type of discharge so-called the
multi-hollow SDBD has also been widely investigated. Within the lit-
erature, the discharge is also known as honeycomb DBD,26 array of
integrated coaxial micro-hollow DBD,27–30 micro-hollow SDBD,31 or
array of micro-hollow cathode discharge.32 The discharge is typically
generated by a perforated ceramic substrate made of laminated
ceramic sheets in two configurations. First configuration consists of
two perforated parallel plate electrodes both embedded inside the
ceramic, while the second configuration has one electrode embedded
inside the ceramic and the other one printed on the ceramic surface
(i.e., air-exposed electrode). Upon application of AC high voltage
(HV) to the electrodes, the discharge is generated at the edge of each
single hole (hollow), while the gas can pass through the holes. This
type of discharge has an advantage of easy scalability, and it offers
“grid-like” array geometry27,30 suitable for flow control applica-
tions.22,26,32 Moreover, the geometry enables efficient gas mixing with
the NTP, what can possibly be used in many environmental applica-
tions, such as air pollution control. The discharge in both configura-
tions has been already studied by many authors.

The first configuration of the multi-hollow SDBD with both elec-
trodes embedded inside the ceramic has been investigated much more
frequently. Physical characterization of the discharge was performed
by many authors. Tachibana et al. performed the optical characteriza-
tion of the discharge in He, Ar, and N2 gases along with the evaluation
of the production and spatiotemporal distribution of OH radicals pro-
duced by the discharge.29 Optical characterization of the discharge in
He and N2 gases in a pressure range 20–100 kPa was also performed
by Sakai et al.28 and in N2/NO gas mixtures by Shimizu et al.33

Homola et al. used the optical emission spectroscopy (OES) in order
to monitor rotational and vibrational temperatures of the discharge in
ambient air.31 Nayak et al. investigated the effect of gas flow rate and
gas residence time on the discharge properties using highly time-
resolved electrical and optical diagnostics.27 They also studied the
effect of gas flow rate and discharge power on the production of O3

and O2(a
1Dg) by the discharge.34 Moreover, the applications of the

multi-hollow SDBD with both electrodes embedded inside the ceramic
have also been studied. Homola et al. studied the effects of duty cycle
of applied voltage and air flow rate on O3 production.

35 In other work,
Homola et al. also investigated an influence of the discharge on the
polycarbonate surfaces,31 while Krumpolec et al. used the discharge

for fast cleaning and activation of silicon wafers.36 Biomedical applica-
tions of the discharge were studied by several groups of authors.30,37–40

Bacterial decontamination of various types of surfaces by the discharge
was studied by Aboubakr et al.30 and Kelar Tučekov�a et al.37

Gebremical et al. investigated the effects of the discharge on physical
quality and chemical and antioxidant properties of peanuts,38,39 and
Nayak et al. studied the effect of the discharge on inactivation of feline
calcivirus.40

The second configuration of the multi-hollow SDBD with the
one electrode embedded inside the ceramic and the other one printed
on the ceramic surface has been studied only by a few authors. Benard
et al. performed basic electrical and optical characterization of the dis-
charge using high-resolution oscilloscope measurements and intensi-
fied charge-coupled device (ICCD) imaging.22,26 The authors also
investigated the electric wind produced by a single-hole discharge as
well as influence of the discharge on a turbulent gas flow passing
through the holes.22,26 A special configuration of the double-stacked
multi-hollow SDBD composed of four electrodes (two electrodes
embedded inside the ceramic; two air-exposed electrodes) was studied
by Elkholy et al.32 In this work, the effects of the gas pressure and flow
rate were investigated on discharge intensity by time-resolved optical
emission spectroscopy measurements.

In contrast to the works of the above authors22,26,32 in which
the multi-hollow SDBD in configuration with the air-exposed elec-
trode was studied, detailed characterization of electrical characteris-
tics of the discharge under various operating conditions, to the best
of our knowledge, is still missing. In addition, the evaluation of the
discharge emission intensity under various conditions is also
important as it represents a measure of concentration of reactive
species generated by the discharge. Moreover, both electrical and
optical characterization of the discharge is also crucial in respect to
its eventual applications and their further optimization especially in
ambient air conditions. Therefore, the main objective of our work,
which distinguishes it from the other existing works, was to com-
prehensively investigate the “macroscopic” characteristics of the
discharge (e.g., discharge power, properties of current pulses, emis-
sion intensity) that can be measured and analyzed relatively easily
without a need of expensive experimental instruments and to
address some interesting statistical aspects of multi-hollow SDBD.
Variations of these characteristics were further investigated as a
function of various operating conditions of applied voltage (3–6 kV
at 200–2000Hz), discharge power (1–5W), air flow rate (0.5–2.4 L/
min), and air relative humidity (RH) (0%–80%). In comparison
with the works of other authors, this work for the first time presents
how the properties of current pulses (amplitude, number) of the
multi-hollow SDBD change with variations of basic operating
conditions.

II. EXPERIMENTAL SETUP AND METHODS

The experimental setup is depicted in Fig. 1. The multi-hollow
SDBD was generated by a perforated square ceramic substrate
(Kyocera, KD-EB2B10) with the dimensions of 50 � 50 � 1mm
consisting of 170 holes (hollows) with an inner diameter of 1.5mm
[Figs. 2(a)–2(c)]. The distance between centers of two adjacent holes
was 2.5mm in one direction and 2.165mm in the other direction. The
substrate consisted of two electrodes made of Ni/Au alloy: one embed-
ded inside the ceramic and the other one printed on the ceramic
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surface (air-exposed electrode). The distance between the edge of the
air-exposed electrode and the border of the corresponding hole was
0.2mm [Fig. 2(a)]. The substrate was powered by AC HV power sup-
ply consisting of a function generator (GwInstek SFG-1013), a signal
amplifier (Omnitronic PAP-350), and a HV transformer. The HV was
connected to the air-exposed electrode, while the embedded electrode
was grounded. Upon application of the AC HV, the discharge was
generated at the edges (circumferences) of the holes [Figs. 2(a) and
2(c)]. The waveform of the applied AC HV was measured by the HV
probe (Tektronix P6015A) and the discharge current by a current
probe (Tektronix CT-1) both connected to a digital oscilloscope
(Tektronix TBS2104; sample rate up to 1 GS/s; bandwidth 100MHz)
(Fig. 1). The power consumption of the discharge was evaluated using
the method of Lissajous figures (also known as V–Q plots2) with
an 82 nF capacitor and a voltage probe (Tektronix P2220). Optical
characteristics of the discharge were measured through a quartz
glass window and by using an optical emission spectroscopy (OES)
system consisting of a dual-fiber optic spectrometer (Ocean Optics

SD2000), optic fiber, lens, and diaphragm. The OES system was
adjusted to collect an emission from a single hole of the ceramic
substrate with an integration time of 5 s. Photographs of the dis-
charge were taken with a digital camera (Sony Alpha DSLR-A230)
with manually adjustable aperture and exposure time. Synthetic
(dry) air (purity 5.0) supplied from a pressure tank was used as a
carrier gas, and its flow rate was controlled by mass flow control-
lers (Bronkhorst El-Flow Prestige FG-201CV). The air was alterna-
tively enriched by water vapors by passing it through a water
cell. The air RH was monitored by a capacitive humidity sensor
(Arduino). Then, the air was led into the reactor chamber from the
bottom side of ceramic substrate, it passed through the substrate
holes, and it exited the substrate by its top side with the air-
exposed electrode [Fig. 2(a)] and left the reactor chamber. Surface
temperature of the ceramic substrate was monitored by infrared
thermal camera (Workswell WIC2), and gas temperature was mea-
sured by a thermocouple placed at the outlet from the reactor
chamber.

FIG. 1. Experimental setup.

FIG. 2. [(a)–(c)] (a) Cross-sectional and (b) top view of the ceramic substrate; (c) photograph of multi-hollow SDBD (4 kV at 1 kHz) (Exposure time 3 s, f/5.6, ISO 400).
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The multi-hollow SDBD was operated under various conditions
of the applied voltage (peak voltage 3–6 kV, frequency 200–2000Hz),
air flow rate (0.5–2.4 L/min), and air RH (0%–80%). The effects of
these parameters on electrical characteristics—discharge power, aver-
age amplitude (i.e., average current Iavg), maximum amplitude (i.e.,
peak current Imax), and number of current pulses and emission inten-
sity of the discharge—were investigated. The peak current Imax was
evaluated from the current waveforms and presented data represent its
average values obtained during 30min of discharge operation. The
single-shot current waveforms were recorded by a digital oscilloscope
using a sample rate of 250 MS/s that corresponds to a sample interval
of 4 ns between two adjacent data points. A statistical analysis of the
recorded current pulses was then performed and histograms of ampli-
tudes of current pulses were calculated using a self-developed com-
puter program. First, the program separated a capacitive component
of the current waveform by applying the Fourier-transform method
and also separated high-frequency noise signals. The calculated capaci-
tive component of the current was further considered as a baseline
(Fig. 3). Then, the program separated the pulses into positive and neg-
ative ones and counted them by checking all data points in one period
of the applied voltage as follows: a data point was positively identified
as a pulse when its amplitude (vertical distance of a data point from
the baseline) was bigger than the amplitudes of two adjacent data
points. If a peak of the pulse consisted of more than one data point of
the same value, the pulse was counted as one. In some cases, overlap-
ping pulses could also be found in the waveforms. If a data point
between peaks of the adjacent overlapping pulses had lower value (i.e.,
lower amplitude) than the peaks, the pulses were counted as two.
Otherwise, the pulse was counted as one. Finally, the histograms of
amplitudes of the current pulses were calculated. The histograms were
composed of several bins (intervals) of a 5mA bin width, i.e., repre-
senting groups of pulses with amplitudes separated by 5mA. The min-
imum amplitude of the pulse (i.e., height threshold) was set to 10mA
for both polarities. Data points with values below this threshold were
not counted as they could be easily mistaken with a background elec-
tromagnetic noise and residual and random pulses due to inductance
and capacitance of connecting cables (Fig. 3). The data presented in
histograms represent average number of pulses during the positive and
negative half-period of the applied voltage evaluated from ten indepen-
dently recorded current waveforms. Finally, a distribution of current
pulses in histograms bins also allowed for the calculation of their aver-
age amplitude, i.e., the current pulses in respective histograms bins

were sum up and divided by their overall number. The error bars of all
presented data were calculated as standard deviations.

A gap voltage Ug is another important parameter for DBDs in
general, and it can be calculated using the equation as follows:2,41

Ug tð Þ ¼ V tð Þ � Q tð Þ
cdiel

;

where V(t) is the voltage applied on the reactor, Q(t) is the charge
transferred by the discharge, and cdiel is the capacitance of the dielec-
tric. The voltage V(t) is measured by high-voltage probe, the charge
Q(t) can be determined from the voltage measurements on the capaci-
tor, and the capacitance cdiel can be inferred from the Lissajous figures
(slope of the line in V–Q plots during discharge active phase). The
equation is based on the simplest DBD equivalent circuit that assumes
a spatially uniform discharge. For this reason, Ug given by the above
equation always represents an average over the DBD surface area and,
thus, describes average properties of DBD resulting from large number
of microdischarges.41 In addition, a waveform of the gap voltage Ug(t)
also allows for determination of so-called burning voltage Ub (also
known as discharge voltage2). It is defined as a certain threshold of gap
voltage Ug when an inception of the discharge occurs. Determination
of Ub from Ug(t) can be applied if a “classical” approach (i.e., the sim-
plest DBD equivalent circuit) is considered and the Ug is almost con-
stant during discharge active phase (then Ug � Ub). The Ub can be
also determined from Lissajous figures if their shape resembles an ideal
parallelogram.2

III. RESULTS AND DISCUSSION
A. The effect of the applied voltage

1. Electrical and visual characteristics

The voltage and current waveforms of the multi-hollow SDBD at
various peak voltages Vp (i.e., amplitudes of the applied voltage) are
shown in Figs. 4(a)–4(d). By changing Vp, the current waveform
changed significantly in terms of number and amplitude of current
pulses. At Vp of 3 kV (at 1 kHz), the discharge started to form at the
circumference of air-exposed electrode as well as at the edges of few
holes of the ceramic substrate [Fig. 5(a)]. Upon increasing Vp from 3
to 4 kV, the discharge gradually started to form at the edges of all holes
[Figs. 5(b) and 5(c)] and the number, peak current Imax, as well as
average current Iavg of the pulses substantially increased [Figs. 6(a)
and 6(b)]. With further increase of Vp from 4 to 6 kV, the intensity of

FIG. 3. Detail of recorded current waveform with marked baseline and height threshold. A detail of individual current pulse is also shown, where difference between tpeak and
tpulse is clearly visible.
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FIG. 4. [(a)–(d)] Applied voltage and current waveforms of multi-hollow SDBD at various peak voltages Vp: (a) 3 kV, (b) 4 kV, (c) 5 kV, and (d) 6 kV (dry air, 2.4 L/min, 1 kHz).
The groups of pulses “G1” and “G2” are also denoted.

FIG. 5. [(a)–(e)] Photographs of multi-hollow SDBD at various peak voltages Vp (dry air, 2.4 L/min, 1 kHz) (Exposure time 1.6 s, f/5, ISO 800).
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the discharge further increased [Figs. 5(d) and 5(e)], number of cur-
rent pulses increased too, whereas both Imax and Iavg slightly decreased
[Figs. 6(a) and 6(b)]. A similar observation was reported by Nayak
et al. who investigated the multi-hollow SDBD in the configuration
with both electrodes embedded inside the ceramic.34 They reported
that with increasing the discharge power, the peak current Imax did not
necessarily increase; however, more discharge events (i.e., microdi-
scharges) within a half-period of the applied voltage were observed.
Our results showed that both the highest positive and negative Imax

were observed at Vp of 4 kV (206 and 110mA, respectively), and with
a further increase from 4 to 6 kV, Imax slightly decreased to 150 and
75mA, respectively [Fig. 6(a)]. The Iavg of both positive and negative
pulses followed the same trend as Imax: the highest values were
observed at 4 kV (24 and 20mA, respectively) followed by their slight
decrease with an increase of Vp from 4 to 6 kV [Fig. 6(b)]. The mea-
surements further showed that Imax as well as Iavg of positive pulses
were always higher than that of negative pulses [Figs. 6(a) and 6(b)],
what principally corresponds to the findings of Benard et al.26

The current waveforms further showed that at Vp of 4 kV (i.e.,
discharge power of 1.8W), the first positive current pulses were
detected at instantaneous applied voltage of approximately 1.5 kV,
while the negative pulses around the point when AC HV crossed its
zero value (i.e., passed through 0 kV) [Fig. 4(b)]. With further increase
of Vp (and, thus, discharge power), a beginning of detection (i.e.,
onset) of current pulses upon a rising (declining) slope of applied volt-
age was slightly shifted toward earlier times [Figs. 4(c) and 4(d)].
Furthermore, at the highest applied Vp, the current pulses were
detected even before polarity of the applied voltage reversed. The posi-
tive pulses began to precede the reversion of the polarity of the applied
voltage from Vp of approximately 5.5 kV (3.8W), while negative pulses
from Vp of approximately 4.5 kV (2.5W). This can be principally
explained by the accumulation of surface charge on the dielectric dur-
ing the previous half-period of the applied voltage. When local electric
field induced by the residual surface charge reaches a sufficiently high
intensity, an actual gap voltage can reach a burning (breakdown) volt-
age Ub even before the voltage polarity reverses.2,42–44

At Vp of 4 kV [Fig. 4(b)], the current waveform looks like a
“common” DBD waveform, and there is only one “group” of current
pulses in both polarities. At higher Vp of 5 and 6 kV [Figs. 4(c) and
4(d)], the residual surface charge started to play an important role.

In addition to the detection of current pulses before voltage polarity
reversed, the current waveforms within one half-period of the applied
voltage were split into two groups of pulses [denoted as G1 and G2 in
Fig. 4(d) where this effect is evident]. The first group G1 involved the
pulses that started to appear at the end of previous half-period, and
their occurrence ended after the moment when AC HV passes
through 0 kV. The second group G2 included positive (or negative)
pulses that appeared during a rising (declining) phase of correspond-
ing half-period until a moment when AC HV reached a peak value. In
addition, the second group G2 is characterized by lower Imax and Iavg
than first group G1. Similar effect of splitting the current waveform
into two individual groups within one half-period of the applied volt-
age was also reported by Jahanbakhsh et al.45 who worked with a sim-
pler experimental arrangement (a barrier corona with a metal pin and
a hemispherical dielectric-covered electrode powered by AC HV). A
presence of two individual groups of current pulses within one half-
period of the applied voltage is the result of differences in the volume
and surface charge conditions before the microdischarges inception.45

While the residual volume charges affect the streamer inception and
its propagation in the discharge gap, the residual surface charges influ-
ence the surface streamer propagation. Since we worked with the
SDBD arrangement without a defined discharge gap and where a
charge transfer takes place just in a thin layer on the dielectric surface,8

we suppose that just a residual surface charge on the dielectric plays a
crucial role.

Another perspective on the splitting of current waveform into
two group of pulses may be acquired from a waveform of the gap volt-
age Ug(t) [Fig. 7(a)]. At the beginning of a positive half-period of the
applied voltage, Ug increases. The increase of Ug is followed by a sud-
den drop and then by a further increase until Ug reaches a constant
value [Fig. 7(a)]. A sudden drop of Ug corresponds to strong current
pulses that belong to the first group of pulses G1 [Fig. 7(b)]. The
microdischarges represented by the group G1 are influenced by the
residual surface charge that remains from a previous half-period. In a
case of positive pulses, there is a negative residual surface charge left
by negative pulses and vice versa. Since microdischarges represented
by the group G1 leave behind a charge of opposite polarity on the
ceramic surface, initial conditions for subsequent microdischarges are
considerably changed.46 First positive group of pulses G1 leave behind
a positive residual surface charge and vice versa. An electric field in the

FIG. 6. [(a) and (b)] (a) Peak current Imax and (b) average current Iavg of both positive and negative current pulses as a function of peak voltage Vp (dry air, 2.4 L/min, 1 kHz).
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discharge gap decreases and an instantaneous gap voltage Ug suddenly
drops. However, the applied voltage further increases, gap voltage Ug

starts to increase again until it reaches a constant value, so the microdi-
scharges represented by the group G2 appear. Therefore, the microdi-
scharges represented by the group G2 are affected by a residual surface
charge that remains from microdischarges represented by the group
G1. In other words, the initial conditions for successive discharge pulses
are given by the charge distribution on the dielectric surface left after
the preceding discharge pulses.8 For this reason, we consider that the
splitting of current waveforms may be ascribed to the change of a sur-
face charge distribution within one half-period. In the negative half-
period of the applied voltage, a situation is similar. Although no sudden
drop is observed during an increase of negative gap voltage, its increase
is slowed down in the moment when pulses of the group G1 appear.
When microdischarges represented by the group G2 occur, Ug reaches
a constant value. The constant value ofUg also allows for determination
of burning voltage Ub. Since the Lissajous figures we obtained were
very close to ideal parallelogram shape [Fig. 8(a)], Ub can be also deter-
mined from them. Both approaches of Ub determination gave us a
value of approximately 1.2 kV for 5W at peak voltageVp of 6.5 kV.

The effect of residual surface charge accumulated from one half-
period of the applied voltage to another half-period is also known as a
memory effect that, among other things, facilitates a formation of
microdischarges at the same location occupied by previous microdi-
scharges.5,9,42,43,46–48 Moreover, the accumulation of residual surface
charge may also have an influence on other characteristics of the cur-
rent pulses including their overall shape,45 and the influence increases
with an increase of peak voltage,42 what we also observed. We further
suppose that a change of surface charge distribution within one
half-period may also be responsible for an observed decrease of
Imax and Iavg with an increase of Vp above the value of 4 kV [Figs.
6(a) and 6(b)]. Shifting the onset of current pulses toward earlier
times upon a rising (declining) slope of applied voltage caused an
earlier accumulation of residual surface charge that subsequently
decreases an intensity of electric field between the electrodes
within a corresponding half-period. It affects the formation of sub-
sequent microdischarges (current pulses) within the same half-
period and decreases a charge transfer. Since the onset of current
pulses shifts with an increase of Vp, we can, therefore, also expect a
decrease of Imax and Iavg.

FIG. 7. [(a) and (b)] Applied voltage, gap voltage, and current waveforms (5W, peak voltage Vp of 6.5 kV). Burning voltage Ub as well as groups of pulses G1 and G2 are also
denoted.

FIG. 8. [(a) and (b)] (a) Selected Lissajous figures with denoted burning voltage Ub for discharge power of 3 and 5W; (b) discharge power as a function of peak voltage Vp at
various frequencies of the applied voltage (dry air; 2.4 L/min).

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 29, 113510 (2022); doi: 10.1063/5.0101496 29, 113510-7

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/php


2. Discharge power

Discharge power was evaluated using the method of Lissajous fig-
ures [Fig. 8(a)]. Figure 8(b) shows the discharge power as a function of
peak voltage Vp at various frequencies of the applied voltage. The dis-
charge power increased with frequency of the applied voltage and
increased almost linearly with Vp. At Vp of 6 kV and a frequency of
500, 1000, and 2000Hz, the discharge power was 2.2, 4.3, and 8.6W,
respectively. These results are comparable to those of other authors
who studied the same type of discharge, i.e., the multi-hollow SDBD
in configuration with the air-exposed electrode. For example, at the
same Vp of 6 kV, Benard et al. reported discharge power of 1.8, 4, and
11W at the frequency of 500, 1000, and 2000Hz, respectively.22 A fact
that ceramic substrates they used were of a different geometry, dimen-
sions, and number of holes can explain reported slightly different
results. On the contrary to our observations, in their work, increase of
discharge power with an increase of Vp did not show a linear trend.

3. Histograms of current pulses

The histograms of both positive and negative current pulses dis-
playing their number vs their amplitude for given discharge power in

a range of 1–5W are presented in Figs. 9(a) and 9(b) with vertical log-
arithmic scales. The histograms show an average distribution of ampli-
tudes of current pulses per half-period of the given applied voltage.
They clearly indicate that the number of pulses and distribution of
their amplitudes strictly depends on the discharge power as well as on
the applied voltage polarity.

The results showed that number of positive pulses was always
higher than negative ones [Figs. 9(a) and 9(b)]. Further, the distribution
of amplitudes of the pulses in histograms showed that the number of
pulses in a given bin usually decreased with an increase of the ampli-
tude of the pulses. The most visible feature of histograms of positive
pulses is an increase of number of pulses in respective bins with an
increase of discharge power. This increase is more pronounced for
pulses with amplitudes up to 60mA [Fig. 9(a)]. On the contrary, histo-
grams of negative pulses showed an opposite feature: a decrease of
number of pulses with an increase of discharge power in respective bins
especially for pulses with amplitudes in a range of 15–30mA
[Fig. 9(b)]. Consequently, the average overall number of positive pulses
(>10mA) substantially increased with an increase of discharge power
(from approximately 1176 3 to 4276 10 pulses for 1 and 5W, respec-
tively), while the average overall number of negative pulses (>10mA)

FIG. 9. [(a) and (b)] Histograms of amplitudes of (a) positive and (b) negative current pulses for various discharge powers 1–5W (dry air, 2.4 L/min, 1 kHz). Data presented in
histograms represent average number of pulses evaluated from ten independently recorded single-shot current waveforms.
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slightly decreased (from approximately 766 7 to 446 6 pulses for 1
and 5W, respectively). Our results are consistent with the findings of
Benard et al.,22,26 who also observed similar differences between char-
acteristics of multi-hollow SDBD during positive and negative half-
periods. During the positive half-period,more numerous current pulses
with higher amplitudes were observed. On the other hand, during the
negative half-period, smaller and less numerous current pulses were
reported. Moreover, they also performed a fast ICCD imaging of the
discharge and revealed that emission intensity of the discharge fila-
ments during positive half-period was found three times higher than
those during negative half-period.

When the applied voltage has a positive polarity (i.e., a positive
half-period), the discharge pattern is composed of distinct (discrete)
channels appearing on the dielectric surface, while with a negative
polarity, a diffuse discharge area can be observed and the discharge is
almost uniformly distributed in a certain area along the electrode.8,49

In addition, a discharge extension (i.e., the length of the discharge
area) is not only dependent on peak voltage but also on its polarity.
Upon increasing the peak voltage, the discharge area is enlarged.
Moreover, with a positive polarity of the applied voltage, an extension
of the discharge channels is considerably larger than with a negative
polarity.8 Murata et al. attributed this “polarity effect” of microdi-
scharges in DBDs to different mobility of electrons and ions accumu-
lated on the dielectric surface within a corresponding half-period.50

Therefore, considerable differences between obtained histograms of
positive and negative pulses can reflect different discharge patterns
during positive and negative half-periods.8,51

A similar statistical analysis of the current pulses of the SDBD
was also performed by Laurentie et al.51 They studied the current char-
acteristics of SDBD plasma actuator composed of two electrodes
mounted on both sides of dielectric sheet in two configurations: both
electrodes exposed, or one electrode exposed, and the other one encap-
sulated using an epoxy resin. Their results obtained with an encapsu-
lated grounded electrode (i.e., the configuration similar to ours) are
consistent with our results. They also observed an increase of overall
number of positive current pulses with an increase of Vp (i.e., discharge
power) as well as a decrease of their number in histogram bins with an
increase of their amplitude. In addition, an amplitude of positive
pulses was found to be substantially higher than negative ones what
also agrees with our findings. Other statistical analysis of the current
pulses has also been performed for DSCBD,48 plane-to-plane
DBDs,44,52–54 point-to-plane DBD,55 cylindrical DBD,56 or cylinder-
tip to dielectric plate DBD.57 In contrast to our results, histogram anal-
ysis of current pulses performed by �Cech et al. using a DCSBD,48

Jidenko et al. using a plane-to-plane DBD,44 and Petit et al. using a
point-to-plane DBD55 showed a shift of maximum number of pulses
from their lower to higher amplitudes. The difference can be probably
attributed to different discharge reactor arrangements that have been
investigated (geometry and position of electrodes, device size, electrode
materials, etc.), so only a rough comparison is possible. The most
detailed statistical investigation of the current pulses was conducted by
Jahanbakhsh et al. for a relatively simple arrangement of barrier
corona with a metal pin and a hemispherical dielectric-covered elec-
trode powered by AC HV.42,45 Apart from electrical measurements,
the other techniques they used included time-correlated single photon
counting and ICCD imaging. Their detailed investigation revealed dif-
ferent types of microdischarges that may occur. They further

confirmed strong dependence of microdischarges on their onset
(inception time and position), that is, related to the discharge activity
in the previous half-period of the applied voltage.

As was already mentioned, the analysis of current pulses was based
on current waveforms recorded by the oscilloscope using a sample rate
of 250MS/s that corresponds to a sample interval of 4 ns. The used sam-
ple rate could potentially lead to certain imperfections (deviations) in
recording the exact shape of the pulses. A more accurate reconstruction
of the pulses shape would require a sample interval around 1ns at least.
However, since a typical length (duration) of a current pulse tpulse was
�100–120ns and a typical length of its main peak tpeak was �40–50ns
(Fig. 3), we consider that the used sample rate (sample interval) was
good enough to acquire an individual current pulse with a sufficient
number of data points. Another deviation in number of pulses could
result from using the height threshold parameter that was used to ignore
a noise. Too low pulses with amplitudes below this threshold, thus, were
not counted meaning that not every single microdischarge could be
measured. Therefore, presented numbers of pulses do not represent an
exact number of microdischarges; however, we believe that the calcu-
lated and presented data can be still demonstrative.

4. Optical characteristics

The OES measurements of the multi-hollow SDBD were per-
formed along with the electrical measurements. In the obtained spec-
tra, emission bands corresponding to molecular nitrogen significantly
dominated in all tested conditions. Namely, in the UV region, the N2

second positive system (300–400nm) with a maximum at 337 nm
dominated, while in VIS region, the N2 first positive system of very
low intensity occurred (650–1000nm). The OES of multi-hollow
SDBD in configuration with both electrodes embedded inside the
ceramic was also carried out by Homola et al.31 Moreover, many
authors conducted very precise time-resolved optical measurements of
the multi-hollow SDBD in various configurations using ICCD cam-
eras.27–29,32,33 In addition to the N2 second positive system, traces of
N2
þ first negative system28,29,33 or NOc system27 were also observed

while operating the discharge in air-like mixtures using a higher fre-
quency of the applied voltage (>20 kHz) than we worked with.

Figure 10 depicts a dependence of discharge emission intensity
on discharge power and frequency of the applied voltage. A change in
the emission intensity was evaluated based on 0–0 spectral band
(337nm) of N2 second positive system. The emission intensity linearly
increased with an increase of discharge power for a given frequency of
the applied voltage, and it also more or less increased with an increase
of frequency for a given discharge power. The results clearly reflect an
increase of N2 electronic excitation with an increase of frequency. As
can be seen in Fig. 10, for low discharge power in a range of 1–1.5W,
the highest emission intensity was obtained for the lowest frequency of
500Hz. This was caused by an inhomogeneous ignition of the dis-
charge at the edges of holes of ceramic substrate. At such low discharge
power, the discharge was not fully distributed in each hole of the
ceramic substrate. Since we detected a light signal only from a single
hole of the ceramic substrate, the inhomogeneous ignition of the dis-
charge in the holes could cause the observed differences. When the
discharge power was higher (>2W), the discharge was fully developed
and generated at the edges of each hole of the substrate and the emis-
sion intensity showed a clear dependence on frequency of the applied
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voltage. The results are consistent with the results of Abdelaziz et al.,58

who observed an increase of emission intensity of symmetrical SDBD
plasma actuator with an increase of frequency at the constant peak
voltage Vp.

B. The effect of the air flow rate

By varying the gas flow rate, one can control a gas residence time
in a zone of generated plasma. This has a direct impact on gas and sub-
strate heating, residual humidity, residence time of charge carriers and,
especially, on discharge chemical activity due to strong dependence of
concentrations of excited and reactive species on gas flow rates.27,59

Nevertheless, the gas flow rate cannot directly influence the properties
of individual microdischarges (i.e., their ignition and development) due
to very different time scales: while discharge formation occurs in a range
from ps to ls, the flow dynamics applies fromms to s. More specifically,
for our experimental conditions, a residence time of the air inside the
holes (hollows) of ceramic substrate, i.e., in a plasma, was estimated as
follows: 36.5, 18, and 7.5ms for air flow rate of 0.5, 1, and 2.4 L/min,
respectively. Therefore, the only processes that can be affected by the
used gas flow rate are the diffusion and recombination of neutral and
charged particles that take place within ls and ms. Consequently, the
gas flow rate has only an impact on conditions prior to the breakdown
itself meaning that it changes the concentration and distribution of
residual volume charges from previous microdischarges (i.e., volume
pre-ionization).59 From a macroscopic point of view, residual volume
charges can be moved (transported) and redistributed by flowing gas,
thus, influencing ignition and development of microdischarges.42,47 As a
result, variation of air flow rate can influence the plasma characteris-
tics60 or even change the pattern (mode) of the DBD.61

1. Electrical characteristics

The effect of the air flow rate (0.5, 1, and 2.4L/min) was investi-
gated on electrical properties of the discharge (discharge power, histo-
grams, number, and amplitudes of current pulses) for constant
discharge power of 3W and frequency of the applied voltage of 1 kHz.
The results showed that the effect of air flow rate on discharge power
at a given applied voltage is very small and, to some extent, can be
neglected. Dependence of both peak current Imax and average current
Iavg on the air flow rate was found weak as they only slightly increased

with an increase of air flow rate. For example, Iavg of positive
pulses increased from 18 to 20mA, while for negative pulses, it
increased from 16 to 18mA for an increase of the air flow rate from
0.5 to 2.4 L/min, and for a given discharge power of 3W, respectively.

The histogram analysis of current pulses for various air flow rates
for a constant discharge power was also performed and confirmed that
the highest amplitudes of current pulses occurred at the highest tested
flow rate (2.4 L/min) [Figs. 11(a) and 11(b)]. Moreover, the effect of
air flow rate was found stronger on negative rather than positive
pulses. There was almost no change in average number of positive
pulses (>10mA), whereas average number of negative pulses
(>10mA) considerably increased upon increasing the air flow rate.
These results are in agreement with the results of H€oft et al.59 They
also observed an increase of peak current Imax in the DBD reactor with
an increasing gas flow rate. As was already mentioned, the residual
surface charge plays quite an important role in generation of the
multi-hollow SDBD. Although the residual surface charge, in contrast
to residual volume charge, is not expected to be directly influenced by
the gas flow rate, it can be affected indirectly. Besides an increase of
peak current Imax, H€oft et al. also observed an increase of breakdown
voltage with an increase of gas flow rate, i.e., a beginning of the dis-
charge formation upon a rising slope of HV pulse was slightly
delayed.59 A breakdown delay for higher air flow rates was also
observed by Nayak et al. who worked with the multi-hollow SDBD in
configuration with both electrodes embedded inside the ceramic.27

This effect was ascribed to a removal of charges from the discharge
region before a new breakdown occurs. However, Jidenko et al. further
stated that higher gas flow rate can increase the extension of the
charges along the dielectric surface what may eventually lead to stron-
ger electric field during the development of next discharge.44

Therefore, a change of breakdown conditions upon changing a gas
flow rate may affect an accumulation of surface residual charge and
also the amplitudes of current pulses.

2. Optical characteristics

The effect of air flow rate on emission intensity of the discharge
was also investigated (Fig. 12). We found that emission intensity
decreased with an increase of air flow rate for a given discharge
power. On the other hand, an increase of a gas flow rate resulted in a
slight increase of maximum and average amplitudes of current pulses
as well as number of pulses. Thus, one may expect that more numer-
ous and more intense microdischarges occur and higher production
of reactive species along with higher discharge emission intensity
would be observed. However, the results showed completely opposite
trend as emission intensity clearly decreased with an increase of air
flow rate (Fig. 12). It means that the explanation of results is not
straightforward and other more dominant factors must be consid-
ered. Upon increasing the air flow rate, the gas residence time in a
discharge region decreases. Because of that, the number of excited
species per unit of a gas volume actually decreases, and thus, it results
in lower emission intensity. The same results were observed by other
authors dealing with multi-hollow SDBD.28,31,32,34 Since a decrease of
air flow rate for a given discharge power results in an increase of dis-
charge energy deposited per gas volume (i.e., energy density), the dis-
charge emission intensity increased with its increase (Fig. 12).
Elkholy et al. compared the emission intensity of the discharge with

FIG. 10. Emission intensity of the discharge as a function of discharge power and
frequency of the applied voltage (dry air, 1 L/min).
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and without the air flow.32 They reported that in a still air the dis-
charge ionizes the same volume of gas increasing ionization level in
the discharge region. When the air flow increases, discharge region is
supplied with a fresh air causing a decrease of ionization level and,
thus, the decrease of discharge emission intensity.

3. Temperature measurements

In addition to electrical and optical characterization of the dis-
charge, gas and surface temperatures are other important parameters

determining utilization of the discharge for eventual applications. The
heating of the ceramic substrate during discharge operation is caused by
dielectric losses in the material.62 The heating of a gas passing through
the holes of the ceramic substrate is caused by convective transport of
heat from the dielectric as well as by an action of plasma itself.62,63 We
monitored the surface temperature as a function of discharge power
and air flow rate (Fig. 13). The surface temperature increased with an
increase of discharge power and slightly decreased with an increase of
air flow rate. However, we found that a difference between surface tem-
peratures obtained for the lowest (0.5 L/min) and highest tested air flow
rate (2.4L/min) for all tested discharge powers is relatively small

FIG. 11. [(a) and (b)] Histograms of amplitudes of (a) positive and (b) negative current pulses for various air flow rates (0.5, 1, and 2.4 L/min) (3W, dry air, 1 kHz).

FIG. 12. Emission intensity of the discharge as a function of discharge power and
air flow rate (dry air, 1 kHz).

FIG. 13. Surface temperature of the ceramic substrate as a function of discharge
power for two air flow rates (0.5 and 2.4 L/min).
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(Fig. 13). The temperature can affect a surface conductivity of the dielec-
tric that may further lead to modification of charges distribution on the
dielectric surface.44 Thus, the influence of temperature may also contrib-
ute, to some extent, to changes in the evaluated characteristics of the
current pulses.

Measurements of gas temperature at the outlet of the reactor
chamber showed similar results compared to surface temperature. The
gas temperature increased with an increase of discharge power and
slightly decreased with an increase of air flow rate. The maximum gas
temperature we obtained was approximately 70 �C (5W, 0.5 L/min),
which is almost identical to maximum surface temperature we mea-
sured on the substrate. This is a reasonable result as all measurements
were performed after substantially a long time of discharge operation,
so we could assume steady-state conditions when surface and gas tem-
peratures were approximately the same.64

C. The effect of the air relative humidity

Many sources of the NTP are usually operated in ambient air
conditions that always include some humidity. Therefore, an effect of
air humidity on discharge properties must be known and examined.
An extensive research has been done in this field and showed that a
presence of humidity (i.e., water molecules) has substantial effect on
discharge formation, its properties, and behavior. First, the humidity
influences the physical processes from various aspects. It affects a dis-
tribution of electric field,65,66 a mobility of charge carriers,67 a microdi-
scharge intensity,7 and a power loss in dielectric material.68 It further
reduces surface resistance of dielectric due to water adsorption69 and
total charged transfer per half-period of the applied voltage.68,69 The
humidity may also decrease the peak current of the discharge;70 it
modifies a charge distribution along the dielectric surface creating spa-
tial charge inhomogeneities and may promote a formation of discrete
microdischarges at preferred locations.71 This, in turn, can lead to
decrease in a number of microdischarges70 and, thus, reduction of
plasma volume within the reactor.69 Second, the humidity also signifi-
cantly affects and alters the plasma chemistry.72 An increase of humid-
ity can lead to formation of water negative ions due to
electronegativity of water molecules68 as well as to formation of water
clusters.73,74

In the available literature, the effect of humidity on the discharges
has been extensively investigated by several authors.69,75,76 However,
their conclusions are sometimes inconsistent, i.e., results of some
authors are contradictory to results of other authors. Indeed, the effect
of humidity on the discharges is very complex as it comprises many
physical and chemical aspects. Therefore, an actual effect of humidity
on the discharges depends on given working conditions (e.g., gas mix-
ture, temperature, dielectric material, etc.) and the type of discharge.

1. Electrical characteristics

The effect of air RH on characteristics of current pulses was stud-
ied for constant discharge power of 3W, frequency of the applied volt-
age of 1 kHz, and gas flow rate of 2.4 L/min. The experiments were
performed at atmospheric pressure, constant room temperature of
approximately 22 �C, and air RH levels of 20%, 40%, 60%, and 80%,
so the absolute humidity of the air (water content) was 3.9, 7.8, 11.7,
and 15.6 g/m3, respectively.

The results showed that the average current Iavg of both posi-
tive and negative pulses slightly increased with an increase of air
RH. For positive pulses, it increased from approximately 20 to
27mA, while for negative pulses, it increased from approximately
18 to 24mA upon increasing the air RH from 0% to 80%, respec-
tively. On the contrary, a variation of both positive and negative
peak currents Imax with air RH showed more complicated trends.
More specifically, with an increase of air RH from 0% to 40%, Imax

of positive pulses first decreased from approximately 100–120 to
77mA. However, with a further increase of air RH from 40% to
80%, Imax of positive pulses substantially increased from approxi-
mately 77 to 170mA. In contrast to the positive, Imax of negative
pulses showed a gradual increase from approximately 80 to
160mA for air RH of 0% and 80%, respectively. We suppose that
differences between the results obtained for positive and negative
pulses can be again attributed to different discharge patterns dur-
ing positive and negative half-period of the applied voltage.77

The effect of air RH on characteristics of current pulses in DBDs
has also been studied by other authors who obtained diverse results.
For example, Benard et al. observed a decrease of positive and increase
of negative peak current Imax with an increase of air RH for SDBD
plasma actuator.77 Abdelaziz et al. observed a decrease of both positive
and negative Imax of SDBD with an increase of air RH,68 while
Falkenstein and Coogan observed a completely opposite trend, i.e., an
increase of both positive and negative Imax of DBD.

69 Here, it must be
noted that the measurements performed by Benard et al., Abdelaziz
et al. and Falkenstein and Coogan were made at a constant applied
voltage. However, our measurements were carried out for a constant
discharge power, i.e., the peak voltage Vp was accordingly set to get a
given discharge power (3W). Therefore, only a rough comparison of
the results is possible. Falkenstein and Coogan further reported that
under their experimental conditions, the dominant effect of humidity
in a gas is not the electronegativity of water molecules, but its effect
rather lies on the reducing of surface resistance of the dielectric, as
water is adsorbed onto its surface.78 Consequently, although the total
transferred charge per half-period of the applied voltage was observed
to decrease upon increasing a humidity content, the mean transferred
charge of the single microdischarge increased resulting in fewer, but
more intense current pulses.69 This partially corresponds to our results
especially for positive pulses whose number decreased (presented later)
and their average amplitudes increased with an increase of air RH.
However, as we described above, Imax of positive pulses showed a non-
trivial trend upon increasing the air RH suggesting that not only
reduction of surface resistance of the dielectric, but also other factors
must be involved. Fouad and Elhazek numerically and experimentally
investigated an effect of air humidity on positive corona discharge.79

Although the authors studied a different type of discharge, mecha-
nisms of positive corona discharge formation are somewhat similar to
mechanisms of DBD formation during a positive half-period of the
applied voltage. They reported a variation of ionization processes with
an increase of air RH: upon its increase from 20% to 40%, the ioniza-
tion processes were found to be less intense, while with further
increase of air RH from 60% to 80%, more ionization took place. The
authors suggested that a variation of the ionization zone length along
with number of produced photoelectrons and their distribution within
the ionization zone could be responsible for the obtained results.
These results may principally correspond with our results of positive
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peak current Imax which first decreased up to air RH of 40% and then
it increased.

Histogram analysis of current pulses at various air RHs and a
constant discharge power of 3W was also carried out and confirmed a
different effect of air RH on positive and negative pulses [Figs. 14(a)
and 14(b)]. Similar to dry air, positive pulses were found to be more
numerous than negative ones for all tested humidity levels. Variation
of the average overall number of pulses with an increase of air RH was
found, however, different. With an increase of air RH from 0% to
80%, a number of positive pulses (>10mA) decreased from approxi-
mately 2976 8 to 2026 5, while a number of negative pulses
(>10mA) increased from approximately 696 8 to 1686 8, respec-
tively. The same trends for positive and negative pulses with an
increase of air RH were also obtained by Abdelaziz et al. who investi-
gated the characteristics of surface DBD.68 Although they clearly
showed that the air RH has significant effects on electrical characteris-
tics of the discharge, the underlying mechanisms explaining the
observed results still remain a matter for consideration.

Unlike the histogram of negative pulses [Fig. 14(b)] that showed
an increase of pulses number for all their amplitudes, the histogram of
positive pulses [Fig. 14(a)] demonstrated a more complicated trend
with an increase of air RH. A different trend was found for a group of
pulses with amplitude <25mA in comparison with a group of pulses
with an amplitude >45mA. While number of pulses below 25mA

decreased, a number of pulses above 45mA more or less increased
with an increase of air RH. Consequently, the average amplitude Iavg
of positive pulses increased. These results principally correspond with
findings of Falkenstein and Coogan who reported that fewer, but more
intense positive current pulses of DBD occurred with an increase of air
humidity.69 Moreover, such a significant change of distribution of posi-
tive pulses amplitudes in histograms may also be related to a change of
discharge pattern (mode) with a change of humidity. Wicks and
Thomas worked with an SDBD actuator and observed a transition from
glow discharge to filamentary discharge when air RH increased from
40% to 75% at a constant applied voltage.71 They suggested that this
effect is probably associated with a humidity-induced modification of
the charge distribution on the dielectric surface resulting in spatial
charge inhomogeneity what promotes discrete microdischarges forma-
tion. The same effect was also observed by Koo et al. for radio
frequency-powered surface DBD.80

Nevertheless, distinct results obtained by the aforementioned
authors and associated discussions presented above suggest that
the effect of humidity on electrical characteristics of DBDs and
related discharges is not trivial and probably depends on many
factors. Therefore, we suppose that the humidity effects should be
further examined with respect to type and geometry of the dis-
charge, type of dielectric, gas mixture, and other experimental
conditions.

FIG. 14. [(a) and (b)] Histograms of amplitudes of (a) positive and (b) negative current pulses for various air relative humidities (0%–80%) (3W, 2.4 L/min, 1 kHz).
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2. Optical characteristics

Optical characterization in terms of discharge emission intensity
was also evaluated as a function of air RH. Results showed that a
dependence of discharge emission intensity on air RH is different for
low and high discharge powers (Fig. 15): for discharge powers in a
range of 1–3W, the emission intensity significantly decreased with an
increase of air RH, while for the highest tested discharge power of
5W, the emission intensity was almost the same regardless of the air
RH. In other words, the dependence of discharge emission intensity
on air RH weakens upon increasing the discharge power. These results
can be associated with a fact that in dry air and at low humidity levels,
the discharge was stable and was almost homogeneously distributed in
all holes of the ceramic substrate for a given discharge power. With
increasing air RH, the discharge became less stable, and particularly
for low discharge powers (1–2W), it formed preferentially only in few
holes. Homogeneous and fully developed discharge at the edges of all
holes at higher air RH (>60%) was obtained only for higher discharge
powers (>3W) and after a certain time of discharge operation
(>10min).

In addition, a decrease of emission intensity with increasing of air
RH can also be attributed to a decrease of concentration of nitrogen
excited species whose emission dominated in the emission spectra.
Decrease of their concentration is probably due to faster vibration-to-
vibration energy transfer of N2–H2O systems in humid environ-
ments,81 and this effect seems to be more pronounced for discharge
powers below 3W. Decrease of emission intensity of the SDBD with
an increase of air RH was also observed by Abdelaziz et al.68 On the
other hand, Tučekov�a et al. investigated the DCSBD and reported
more complicated dependence of its emission intensity on air RH:
first, it increased with the air RH from <1% to 50%, but with further
increase to 85%, it dropped down even below the obtained value at air
RH of<1%.82

IV. CONCLUSION

The surface dielectric barrier discharges represent very promis-
ing nonthermal plasma sources due to their simplicity, low weight,
and ergonomics. They are commonly used for surface processing of
materials, and also for flow control, biomedical and environmental
applications. In order to effectively employ the discharges for any

application, their detailed characterization must be performed espe-
cially under ambient air operating conditions. This work presents the
“macroscopic” electrical and optical characteristics of the special
multi-hollow surface dielectric barrier discharge generated by a per-
forated ceramic substrate in a configuration with the air-exposed
electrode. Properties of current pulses (maximum and average ampli-
tudes) along with discharge emission intensity were evaluated under
various conditions of applied voltage, air flow rate, and air relative
humidity. The statistical analysis of current pulses was also per-
formed and histograms of amplitudes of current pulses were calcu-
lated. In addition, the heating of surface of the ceramic substrate
during discharge operation was monitored. Gas temperature at the
outlet from the reactor chamber was also measured.

The result showed a strong dependence of both electrical and
optical discharge characteristics on working conditions. Discharge
emission intensity was found to increase with an increase of frequency
of the applied voltage, and to decrease with an increase of air flow rate
and relative humidity. With an increase of peak voltage (discharge
power), histograms of amplitudes of current pulses showed an oppo-
site trend for positive and negative pulses. While the average number
of positive pulses substantially increased, the average number of nega-
tive pulses slightly decreased. The highest peak currents (approxi-
mately 206mA for positive and 110mA for negative pulses) were
found at 4 kV (1.8W). With further increase of peak voltage, the peak
currents decreased and the onset of current pulses upon a rising
(declining) slope of applied voltage was slightly shifted toward earlier
times. When a maximum peak voltage was applied, the pulses
appeared even before polarity of applied voltage reversed. This is due
to the accumulation of surface charge on the dielectric during the pre-
vious half-period of the applied voltage. In addition, a splitting of cur-
rent waveforms into two groups of pulses within one half-period of
the applied voltage was also observed. We consider that this effect may
be ascribed to the change of a surface charge distribution within one
half-period.

The effect of air flow rate on characteristics of current pulses and
distribution of their amplitudes in calculated histograms was found
weaker than the effect of discharge power and air relative humidity.
Both maximum and average amplitudes of current pulses increased
very slightly with an increase of air flow rate for a given discharge
power. We suppose that a change of breakdown conditions upon
changing a gas flow rate may affect the accumulation of surface resid-
ual charge and, hence, the amplitudes of current pulses. The tempera-
ture measurements showed that surface and gas temperatures
increased with an increase of discharge power and slightly decreased
with an increase of air flow rate. The maximum surface and gas tem-
peratures we obtained were almost identical (up to 70 �C).

The effect of air relative humidity on the discharge was found
even more pronounced. The histogram of positive pulses showed a dif-
ferent trend for the pulses with amplitude below 25mA and the pulses
with amplitude above 45mA. While number of pulses below 25mA
decreased, a number of pulses above 45mA more or less increased
with an increase of air relative humidity. On the contrary, a number of
negative pulses increased with an increase of air relative humidity
regardless of their amplitude. Consequently, an increase of air relative
humidity caused an increase of the average amplitude of both positive
and negative pulses. The results can be principally attributed to differ-
ent mechanisms governing discharge formation during positive and

FIG. 15. Emission intensity of the discharge as a function of discharge power and
air relative humidity (1 L/min; 1 kHz).
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negative half-period of the applied voltage. In addition, various effects
arising from an increase of air relative humidity can be also consid-
ered, including reduction of surface dielectric resistance, change of the
charge distribution on the dielectric surface, variation in ionization
processes, and so on. However, determining the exact underlying
mechanisms and dominant effects still remains a matter for
consideration.

Finally, the results showed that the obtained “macroscopic”
results and characteristics (e.g., the splitting of current waveforms into
two groups of pulses) can be, at least partially, explained by
“microscopic” results (e.g., measurements of surface charge deposi-
tion) obtained by other authors. We may also conclude that the results
are representative and can provide a good starting point for future
waveform-based analysis of current pulses for various discharges. The
characterization of the discharge under ambient air operating condi-
tions is crucial for its optimal operation as well as for its eventual
employment in various potential applications.
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