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Chapter

Applications of Dielectric Barrier
Discharge Microplasma

Kazuo Shimizu, Jaroslav Kristof and Marius Gabriel Blajan

Abstract

Dielectric barrier discharge microplasma is a nonthermal plasma discharge at
atmospheric pressure which due to the micrometer size dielectric layer between
the grounded and high-voltage energized electrodes enables to drive the device at
less than 1 kV. Microplasma is an economical and ecological alternative for conven-
tional technologies used for NOx removal, indoor air cleaning, surface treatment
of polymers, biomedical applications such as transdermal drug delivery, or as an
actuator. In this chapter, microplasma applications such as indoor air purification,
skin treatment for drug delivery, particle removal, and flow control are presented.

Keywords: dielectric barrier discharge, microplasma, indoor air purification, plasma
drug delivery, particle removal, electrohydrodynamic flow, plasma actuator

1. Introduction

Microplasma is a term used typically for referring to gas discharges that have
dimensions ranging from few micrometers up to few millimeters. The breakdown
voltage which is the voltage that is required to ignite a discharge depends on the
product of pressure p and discharge gap d, that is also known as the Paschen curve.
According to the Paschen curve, at atmospheric pressure, the breakdown volt-
age can be kept at low values if the discharge gap is below 1 mm. Thus the typical
operating parameters of microplasmas (pressures up to and exceeding 1 atmosphere
and discharge gaps below 1 mm) correspond to the values of p and d product simi-
lar to the values of the large-volume low-pressure plasmas but with much higher
energy densities [1-3]. The microplasma presented in this chapter is a nonthermal
plasma discharge at atmospheric pressure. It is a type of dielectric barrier discharge
(DBD) generated using a configuration having a dielectric material covering the
electrodes and a narrow discharge gap of micrometer size between electrodes.
Because it is generated at relatively low discharge voltages of about 1 kV, the reactor
has small dimensions and requires only small-sized power supplies. Considering
the electrodes covered by a dielectric layer with a dielectric constant of €, = 10* and
according to the law that states the electric displacement field inside the capacitor
formed by the two dielectric layers and the air gap is constant, it results in the air
gap an electric field 10* times higher than the electric field in the dielectric layers. At
a discharge gap of 10 pm, it has obtained a high electric field E = 10’-10° V/m that
assures the formation of nonthermal plasma at a discharge voltage about 1 kV. The
temperature estimation of the microplasma discharge using emission spectroscopy
shows high electron and low rotational temperatures. These temperatures are
specific for nonequilibrium plasmas [4].
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Despite the small size, the development still continues in order to improve the
technology and further miniaturization.

As a technology for indoor air purification [5-7], microplasma was used to
remove hexadecane (CycHs4) which is a semivolatile organic compound (SVOC)
that has its origin from diesel oil [8-11]. Due to the exhaust gases present in the
atmosphere, the hexadecane also enters indoors. The concentration of hexadecane
decreased from 3000 to 105 ppm after 120 minutes of microplasma processing.

In the field of transdermal drug delivery and cosmetics, microplasma can
change the surface properties of the skin and increase adsorption of relevant
substances that are important for creams, detergents, and other formulations
applied on the skin surface [12-15]. Moreover, changes in the lipid barrier of the
skin induced by microplasma can make it easier to incorporate molecules in the skin
or through the skin.

Microplasma can be used as a technology for particle removal. The removal or
transfer of fine particles is important for global environmental problems such as
PM 2.5, semiconductor industry dust contamination, [16] or for the exploration
activities on the moon [17, 18]. Due to the electrostatic and dielectrophoretic forces,
particles can be removed from surfaces of solar cells or from components in elec-
tronic industry in the case of dust contamination [19-21].

Microplasma actuator is a technology that can replace mechanical actuators. Due
to the lack of moving parts and fast response, it has advantages over the conventional
actuators [22-24]. The electrohydrodynamic (EHD) phenomenon, which occurs due
to the momentum transfer from ions accelerated by an electric field to neutral mol-
ecules by collision, generates flow. A multielectrode geometry of the microplasma
actuator and the possibility to drive various parts of the actuator independently
using FET switches were used; thus the flow direction was controlled. The flow
characteristics at various time intervals were measured by a high-speed camera. The
small dimension of microplasma actuator and the light emission near the active elec-
trodes make the experimental investigation near the electrodes difficult. Numerical
simulation software based on the Suzen-Huang model coupled with Navier-Stokes
equations was developed; thus additional information about the flow characteristics
was obtained near the electrodes due to numerical simulation [25-27].

With these applications, microplasma technology has proven to be a reliable
alternative for a wide range of conventional technologies with advantages of being
ecological, economical, and easy to integrate with other systems.

2. Applications of dielectric barrier discharge microplasma

Various applications of dielectric barrier discharge microplasma make this tech-
nology a versatile and effective tool used for indoor air purification, transdermal
drug delivery, particle removal, or flow control.

2.11Indoor air purification

Indoor air quality (IAQ) is an important factor for a healthy life because people
spend a major part of their time inside buildings. Among the factors that worsen the
IAQ are smells, fine particles, and various chemical substances [5-7]. Technologies
for purifying the indoor air are studied, and equipment is already on the market.
Plasma is a technology that is applied for air purification. The main nonthermal
technologies for air purification could be roughly classified in methods using
dielectric barrier discharge [28, 29] and corona discharge [30, 31]. Each method
has advantages, but the dielectric barrier discharge is more suitable to an easy



Applications of Dielectric Barrier Discharge Microplasma
DOI: http://dx.doi.org/10.5772/intechopen.81425

integration in other systems. Moreover dielectric barrier discharge microplasma has
a discharge gap of micrometer order and requires a discharge voltage of about 1 kV;
thus only a small-sized power supply is needed. Various active species, ozone (O3),
and ultraviolet light (UV) are generated by plasma discharge in air at atmospheric
pressure [8, 9]; thus chemical substances can be decomposed or bacteria sterilized
[10, 11]. One of the substances that are studied to be decomposed by microplasma
is hexadecane (CisHs4) [32-34]. Hexadecane is a semivolatile organic compound
(SVOC), and because it is present in diesel oil, it enters inside buildings from out-
side. A bad smell is caused by hexadecane and also affects the respiratory organs. It
is a large-molecular-weight substance and thus not easy to decompose because of
many carbon-carbon bonds that are strong and have low chemical reaction.

The results of the hexadecane removal process by microplasma were investi-
gated by using the Fourier transform infrared spectroscopy (FTIR) (SHIMADZU,
Kyoto, Japan, FTIR-8400S), and a gas chromatograph-mass spectrometer (GC-
MS) (SHIMADZU, GCMS-QP2010). For the GC-MS measurements, nonpolar
columns (Restek, Bellefonte, PA, USA, Rxi-1ms fused silica capillary column
(30 m x 0.25 mm ID, 0.25 pm film thickness)) consisting of Crossbond (dimethyl
polysiloxane) were used.

2.1.1 Microplasma electrode for indoor air purification

The microplasma electrode used for the hexadecane removal process is shown
in Figure 1. Two metallic electrodes with 1 mm thickness, perforated with holes
(¢ = 5 mm, aperture ratio: 41.5%), are coated with dielectric. A 30-pm gap is
obtained in between the electrodes and using a resin at periphery to fix them.
Plasma was generated around the holes and in between the electrodes while the gas
flowed through the holes and was processed by microplasma discharge [35-37]. The
microplasma discharge started when applying a sinusoidal voltage with amplitude
400 VO - p (0 to peak) and frequency 27 kHz in air using a neon transformer.

Applied voltage was controlled using a variable autotransformer.

The waveforms of voltage and corresponding current when the electrode was
energized at 550 VO — p in air are shown in Figure 2. The spikes convoluted in the
current waveform appeared due to plasma generation.

2.1.2 Hexadecane decomposition

The following process was used for hexadecane removal using the microplasma
electrode:

1. The microplasma electrode was placed inside the small chamber (11.4 L), and
the chamber was closed.

2. About 3000 ppm of hexadecane was vaporized in the chamber.

3.The voltage applied to the microplasma electrodes for 120 minutes was
550 VO — p.

Pure air (CO < 1 ppm, CO, <1 ppm, THC < 1 ppm) from the gas cylinder was
used. The amount of hexadecane before and after microplasma treatment was
measured by using FTIR. The spectrum before and after vaporizing 3000 ppm of
hexadecane in the chamber filled with room air (40-50%RH) is shown in Figure 3. In
the upper part of the figure, using arrows, the alkanes or alkenes which were gener-
ated during the vaporization process of hexadecane are shown.
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Figure 3.
Spectrum before and after vaporizing of hexadecane.

In Figure 4, the FTIR spectrum obtained before and after 120 minutes without
using microplasma in the chamber filled with room air and containing 3000 ppm
of hexadecane is shown. The spectrum after 120 minutes is the “natural decay.”
Even without the microplasma, hexadecane decreased after vaporization due to
the condensation on the chamber walls. In Figure 5, the spectrum before and after
120 minutes of plasma processing in the chamber filled with room air and an initial

concentration of 3000 ppm of hexadecane is shown.
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Spectrum before and after 120 minutes without the plasma processing.
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Figure 5.
Spectrum before and after 120 minutes of plasma processing.

The peak of vibrational band corresponding to hexadecane and CO decreased
after microplasma treatment and that of N,O increased. The FTIR measurement
of other bands was difficult due to overlapped spectra. The hexadecane concentra-
tion was carried out by using the maximum peak in the 2984-2833 cm ™" range. The
variation of hexadecane concentration with the microplasma process time is shown
in Figure 6. The values are lower than in the case of natural decay. From an initial
concentration of 3000 ppm, the hexadecane decreased to 150 ppm after the micro-
plasma process for 120 minutes. By comparison the natural decay was to 950 ppm
after 120 minutes; thus microplasma decomposed the hexadecane. The removal
energy efficiency of hexadecane was calculated at 19.8 ug/W h. Egs. (1)-(3) explain
the hexadecane decomposition process. Microplasma is a nonequilibrium plasma
under atmospheric pressure; thus active species and high-energy electrons gener-
ated by microplasma decompose the hexadecane [38]. At the interaction with an
electron, the hexadecane breaks in two neutral radical molecules:

C16H34 +€e © 2C8 H*17 + e (1)
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Concentration of hexadecane with processing time.

Anionic or cationic carbon species could be also obtained after electron impact:

C16H34+e_ > CgH_17+C8H+17+e_ (2)
The loss of a proton generates alkene:
CsH'y; & CgHye+ H” (3)

Due to the active species generated by microplasma, the carbon single bonds
were cut, and substances that have less carbon atoms were formed as intermediate
products. To conclude, after the microplasma process of hexadecane removal, the
following results were obtained:

1. The hexadecane concentration was decreased from the initial value of 3000
ppm to 150 ppm after the 120 minutes of microplasma treatment. In compari-
son, the natural decay was to 950 ppm; thus microplasma decomposed the
hexadecane.

2. The removal energy efficiency of hexadecane was calculated at 19.8 pg/W h.

2.2 SKkin treatment by plasma for drug delivery

A new method of drug delivery through the skin is plasma by modifying the
skin permeability [12-15, 39-41]. Researchers were investigating the phenomena
of interaction between the plasma and the skin. The penetration of the reactive
oxygen species (ROS) using plasma jet with discharge gas helium was investigated
by Szili et al. [42]. Another study where bovine keratin taken as a model protein was
subject to dielectric barrier discharge plasma treatment and showed the generation
of cysteic acid by oxidation of disulfide bonds accompanied by a decrease in pH
[43]. The human forearm was treated by dielectric barrier discharge plasma and
an increased number of C=0 and C=0 bonds, and a decreased number of C=C
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bonds in the lipids were measured after the treatment as reported by Marschewski
etal. [44]. Various processes were used for the enhancement of skin permeability
such as chemical solutions, ablation, iontophoresis, or electroporation [45].

The influence of argon plasma on the thickness on the stratum corneum layer
and extraction of lipids from stratum corneum was investigated. Attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy and section
measurement of skin were used for measuring the modifications caused by plasma
in the stratum corneum layer. Only lipophilic molecules and molecules with weight
less than 500 g/mol can penetrate through the skin because of the stratum corneum,
a lipid-rich matrix with embedded corneocyte cells. The majority of active agents
for therapeutic applications are represented by relatively large drugs; thus the low
permeability is problematic. Skin permeability was studied using attenuated total
reflectance-Fourier transform infrared spectrometry. Information about the chemi-
cal structure of lipids and their amount in the stratum corneum could be obtained
by studying the spectra of the skin. Also, the microscopic observation could give
information about the morphologic changes across a section of the skin. The etching
of the skin, lipid extraction, and appearance of the skin after atmospheric pressure
argon plasma treatment were investigated.

2.2.1 Experimental setup

The schematic image of the experimental setup using the plasma jet is shown in
Figure 7(a). Nonthermal plasma was generated at atmospheric pressure by a plasma
jet type structure consisting of a Pyrex tube (outer diameter 6 mm, length 100 mm)
and a central tungsten (0.8 mm in diameter) high-voltage (HV) electrode covered
by a glass layer except for a 10-mm long region close to outlet of Pyrex tube. The
grounded electrode was an aluminum ring (8 mm diameter) located on the outer
surface of the Pyrex tube at 12 mm from the end of the plasma jet. The electrodes
were energized using a Neon transformer (ALPHA Neon M-5) with an AC voltage
with frequency of 16 kHz. The voltage and current were measured using a Tektronix
P60015A high-voltage probe and a Tektronix P6021 current probe. A grounded

Argon gas HY
( b ) electrode

Dielectric layer

0.5-1mm electrode

Skin
sample

lc
(e

Figure 7.
Experimental setup for plasma treatment of skin: (a) plasma jet; (b) microplasma and (c) photo of
microplasma electrode without and with discharge.
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micrometric sample holder was used to set the distance between the skin sample
and the outlet of the plasma jet at 2 mm, and a 30-mm thick PVC insulator was used
to insulate the sample from the holder.

The plasma treatment was carried out for 1 minute, and the sample was in contact
with plasma during this time. Argon gas (purity 99.99%) was flowed through a Yamato
flow meter in to the plasma jet. The upper layer of stratum corneum of pig skin was
observed by attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectrometer (Jasco FT/IR 6300 with ATR PRO610P-S) with a diamond prism, and
the spectra were recorded with a resolution of 8 cm™" and by accumulating 150 scans.

Yucatan micropig skin from Charles River Laboratories Japan, Inc. (Yokohama,
Japan) was used for experiments of the plasma treatment. The skin was stored at
—20°C in a freezer before the experiments. The pig skin preparation procedure was
first, the fat layer of the skin was removed by using a knife, then it was cut and
soaked at 4°C in phosphate buffered saline (PBS) for 3 hours, and then after a bath
in 60°C PBS for 1 minute, the epidermal layer of a thickness of 200 pm was peeled
using tweezers. Finally the skin sample was cut in to 3 x 3 mm parts and attached to
a polypropylene film by using double-sided tape.

A dielectric barrier discharge microplasma was generated by a thin-film elec-
trode with a thickness of 105 pm is shown in Figure 7(b) and (c). Both high-voltage
and grounded electrodes were encapsulated in the dielectric. The thickness of
electrodes was 18 pm separated by a 14 pm thick dielectric. The outer side of each
electrode was covered by a dielectric with a thickness of 27.5 pm. Plasma was gener-
ated at the surface closer to the grounded electrode. Atmospheric argon plasma was
generated at a voltage of 950 V and a frequency of 25 kHz using a Neon transformer
(ALPHA Neon M-5, LECIP). Gas flow of argon was set to 5 I/minute using a flow
meter (Yamato). The treatment time of the skin was set to 5 minutes after the gas
flow was started. The thickness of the plasma was negligible in comparison with
the distance between the electrode and the skin surface, which was set to 0.5-1 mm.
Thus, the plasma was not in contact with the skin.

2.2.2 Skin treatment by plasma for transdermal drug delivery

A microscope was used to visualize a microscale change in the stratum corneum;
thus the paraffin-embedded skin samples were sectioned at a thickness of several
micrometre using a microtome and were placed on a glass slide.

Figure 8a shows the untreated sample, and Figure 8b-d shows the images of
sample treated for 10 s, 30 s, and 60 s at a voltage of 4 kV amplitude. A disruption
of the stratum corneum layer on the treated samples is observed. The upper layer of
stratum corneum was detached and the thickness decreased.

The ATR-FTIR spectra of the pig skin stratum corneum samples before and after
the plasma jet treatment were compared.

The asymmetric stretching band of CH, (2917-2923 cm™ ') was examined due
to a highest absorbance of the band. The electrodes were energized at 4 kV ampli-
tude, and the skin samples were measured at various treatment times from 10 s to
15 minutes.

The extraction of lipids with treatment time and saturation of their extraction
after 120 s are shown in Figure 9.

The thickness of the stratum corneum decreased to 11 pm after 60 s of plasma
treatment. The skin barrier effect depends on the thickness of the stratum corneum
and the amount of lipids and their structure; thus the barrier function of the skin
was reduced. The etching effect could be attributed to the ions or radicals created in
the plasma.
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Figure 8.

Section of skin samples. (a) Untreated sample, (b) dielectric barrier discharge argon plasma treatment for

10 s at 4 kY, (c) dielectric barvier discharge argon plasma treatment for 30 s at 4 kV, and (d) dielectric barvier
discharge argon plasma treatment for 60 s at 4 kV.
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Figure 9.
Evolution of absorbance of the asymmetric stretching band of CH, after various times of treatment (black
circles). Evolution of thickness of stratum corneum (empty circles).

Because of skin regeneration, the upper cells of the skin are attached weaker
than the deeper layers; thus the etching effect can be nonlinear. The extraction of
lipids and its saturation are different for the layers which are not in contact with
plasma. A relatively long-term effect of plasma was measured, and the description
of a fast effect of plasma treatment that can increase permeability of the skin was
not carried out.
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After the experiments of atmospheric pressure plasma jet treatment of pig skin, the
disruption of stratum corneum was measured. It was found that after 30 s of treat-
ment, the skin was disrupted, and ATR-FTIR measurements confirmed the extraction
and also the saturation of etching after 120 s. The thickness of the stratum corneum
was decreased to one third (11 pm) of the original thickness after 60 s of treatment.

The treatment of the skin by dielectric barrier discharge microplasma was car-
ried out. Full-thickness (dermal + epidermal layer) skin was cut to ultrathin sheets
by ultramicrotome to observe the lamellar structure of the lipid matrix. This matrix
can be observed as bright lines with dark space in between. Bright lines represent
lipid tails and dark spaces represent hydrophilic heads [46]. Unaltered lipid lamellae
are shown in Figure 10.

Lipid lamellae of microplasma-treated skin shows disturbed areas (nonhomoge-
neous) of lipid membrane with lacunar space along corneocytes and also extracted
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Figure 10.
Lipid lamellae of untreated skin sample with detail in A.
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Figure 11.
Lipid lamellae of microplasma-treated skin sample with detail in A. Asterix—space without lipid lamellae.
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lipids in “asterix” space in Figure 11. The skin was treated for 5 minutes by argon
microplasma.

The results obtained using plasma jet and microplasma showed the modification
of the skin in order to carry out the transdermal drug delivery.

2.3 Particle removal

Plasma technology was applied for the removal or collection of fine particles.
Microplasma electrode was used to remove the fine particles from the electrode sur-
face due to the action of electrostatic forces. Microplasma [47] was already proved
to be an economical and ecological solution in the case of biomedical applications
[1, 48], surface treatment [49], material synthesis [50], and indoor air treatment
[33]. The removal or transfer of fine particles is important for global environmental
problems such as PM 2.5, semiconductor industry dust contamination [16], or for
the exploration activities on the moon [17, 18]. Research results regarding the dust
removal process using dielectrophoretic and electrostatic forces were published by
Calle et al. [18] and Kawamoto et al. [19]. Because the charged or uncharged lunar
dust has a negative influence on the operation of mechanical system, lunar dust
simulant was used in the series of experiments. Also, other researchers investigated
removal of the fine particles from the surface of solar cells [20, 21], the transport
of toner particles by traveling wave [51, 52] and the decontamination of the silicon
wafer [53, 54]. Due to its advantages such as low discharge voltage of about 1 kV and
scalability of electrode size, microplasma was used for particle removal [55]. An
AC voltage with amplitude 1 kV was applied to microplasma electrodes in order to
remove SiO, particles from their surface. The dependency of the particle removal
with the frequency of applied voltage was investigated.

2.3.1 Microplasma electrode for particle removal

For particle removal experiments, the microplasma electrode shown in Figure 12
was used [55].

The electrode structure consists of strip-type electrodes (top-side electrode), a
plate-type electrode (bottom-side electrode), a dielectric layer, and an isolating layer.

(b)

1000 pm High-voltage
200 pm e
e

25 pm

| f
Dielectric layer GND Insulative layer

Figure 12.
Schematic images of the microplasma electrode: (a) top view and (b) cross section view.
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For the stripe-type electrodes, copper was used and as a dielectric layer poly-
imide. The microplasma electrode has a capacitive load of 200 pF. The top-side
electrode consisted of 23 stripes with 1 mm in between and was energized at
high-voltage (HV), and the plate type bottom-side electrode was grounded. The top
strip-type electrodes’ width and length were 200 pm and 30 mm, respectively. The
plate-type electrode area was 23 x 30 mm®. The dielectric in between the HV elec-
trode and grounded electrode had 25 pm thickness; thus plasma could be generated
at a discharge voltage of about 1 kV. The experimental setup for the fine particle
movement experiments is shown in Figure 13. The HV electrode was energized by
an AC voltage with 1 kV amplitude, and the frequency was varied from 10 Hz to
10 kHz. The voltage was obtained using a function generator (Tektronix AFG3102)
and a HV power amplifier (TREK 5/80).

A high-voltage probe (Iwatsu HV-P30) and an oscilloscope (Tektronix TDS
2014) were used for the measurement of applied voltage. For the measurements of
the discharge current, a resistor was connected between the electrode and ground.
The voltage drop on the resistor was measured using a voltage probe (Tektronix
P2220) and an oscilloscope (Tektronix TDS 2014), and thus the current was
obtained by Ohm’s law. The particles used in the series of experiments were SiO,
particles (diameter, 50 pm; density, 2.2 g = cm’; and shape, spherical).

For each experiment, 60 mg of SiO, particles were placed on the electrode
surface before applying the AC voltage (applied to the electrodes for 3 minutes).
The waveforms of applied voltage and discharge current are shown in Figure 14 for
the frequency of the applied voltage 50 Hz, 500 Hz, and 5 kHz.

Function generator
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Figure 13.
Experimental setup for observing fine particle movement.
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Figure 14.
Waveforms of the applied voltage and the discharge curvent at (a) 50 Hz, (b) 500 Hz, and (c) 5 kHz.
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The discharge current had two components: the capacitive current (due to the
capacitance of the electrode, its phase led that of the applied voltage by about 90°)
and the current spike. The streamer propagation and glow-like discharge caused
the current spikes during positive- and negative-going cycles. The intensity of the
current spikes during the positive-going cycle was larger than that during negative-
going cycle in all cases due to the fact that the bottom-side electrode was buried.

It was also confirmed that the number of current spikes increased with the fre-
quency of the applied voltage. The power dissipated by the microplasma electrode
was measured using the charge-voltage curve (Lissajous figure). The Lissajous figure
corresponding to an AC voltage with amplitude 1 kV and 1 kHz is shown in Figure 15.
The measured power consumption was estimated at 0.27 W. At lower frequencies in
the 10-100 Hz range, the Lissajous figure could not be obtained, thus power consump-
tion was estimated by multiplying the applied voltage and discharge current.

The power consumption versus the frequency of the applied voltage is shown in
Figure 16. At 1 kHz the power consumption was calculated to be 0.28 W which was
almost the same value calculated using the Lissajous figure.

With the increase of frequency, the power consumption increased. This can be
explained by the dielectric barrier discharge phenomena: discharges occurred at the
time the polarity of the voltage was inverted, thus discharges per unit time increased.

78 nC/(li\'|

200 V/div

Figure 15.
Lissajous figure when AC voltage with a voltage of 1 kV and a frequency of 1 kHz was applied to the electrode.

E 10 *
= 1 L
£
»
5 &
5 o1
=
H s |?
= 0.0l
-
2 ¢
=
=
0.001 | |
10 100 1000 10000

Frequency of applied voltage [Hz]

Figure 16.
Power consumption as a function of the frequency of the applied voltage.
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2.3.2 Particle removal by microplasma

The SiO, particle removal process was investigated when the electrode was
energized at an AC voltage with a frequency of 10 Hz, 100 Hz, 1 kHz, and 10 kHz
as shown in Figure 17. After 5 s, the number of removed particles increased as the
frequency increased because more ions were generated at high frequency. With
the increase of process time the amount of removed particles decreased as the
frequency of the applied voltage increased. Some amount of particles still remained
on the electrode surface at high frequency such as 1 and 10 kHz because at high
frequency, movement of fine particles could not follow the high-speed inversion of

(b-ii)

Figure 17.
SiO, particle movement when the frequencies were set to (a) 10 Hz, (b) 100 Hz, (c) 1 kHz, and (d) 10 kHz: (i)
before applying the voltage, after applying voltage for (ii) 1, (iii) 55, (iv) 10 s, (v) 1 minute, and (vi) 3 minutes.
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the polarity. The same phenomena was reported by Kawamoto et al. [19, 20] which
carried out fine particle removal and transport and reported that the cleaning
efficiency decreased at more than 10 Hz. The threshold value reported in [19, 20]
was different from these results obtained at 500 Hz due to the different conditions
such as electrode configuration, applied voltage, particle diameter, and electrical
properties of particles. The removal rate was defined as

Removal rate [%] = (The mass of the particles removed to outside part)/ (The
mass of the particles placed on the electrode (60 mg)) x 100 4)

The removal rate at various frequencies is shown in Figure 18. Each value
represents the mean value obtained after three experiments at each frequency.
The removal rate for frequencies between 10 and 500 Hz was about 95%, and
for frequencies above 500 Hz, the removal rate decreased with the increase of
frequency; thus 72% was measured at 1 kHz and 17% at 10 kHz, respectively.
Considering also the power consumption, the removal efficiency was high at low
frequency.

The process of particle transfer could be described as:

i. Microplasma was generated at the electrode surface by applying the AC high
voltage to the electrode.

ii. The electrical charging of SiO, particles was due to the contact with the elec-
trode and microplasma.

iii. The Coulomb and dielectrophoretic forces acted on the charged SiO, particles.

iv. With every high-voltage cycle, the processes (ii) and (iii) were repeated, thus
SiO, particles were transferred to the outside part of the electrode.

After the series of experiments, the following conclusions were obtained:

1. The power consumption of the microplasma electrodes increased with the
increase of the frequency of the applied voltage.

100
90
80
70

60
50 3

40 T
30 3
20 »
10
. . |
10 100 1000 10000

Frequency of applied voltage [Hz]

-

Removalrate [%0]

Figure 18.
Removal rate as a function of the frequency of the applied voltage.
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2. The removal rate of SiO, particles decreased with the increase of frequency.
For frequencies between 10 and 500 Hz, the removal rate was about 95%,
but the removal rate decreased when the frequency was 500 Hz or above. At
10 kHz 83% particles remained on the electrode surface due to the fact that the
SiO, particles movement could not follow the polarity changes.

2.4 Microplasma actuator for flow control

Plasma actuators could be a safer and more efficient alternative to conven-
tional mechanical actuators used on aircraft due to their lack of moving parts,
simple construction, and fast response due to the electric field [56]. A general
classification could split plasma actuators in dielectric barrier discharge (DBD)
type and corona discharge type. The induced flow values could reach 7 m/s in
the case of single DBD plasma actuator and 11 m/s when a multiple DBD plasma
actuator was used [24]. Corona discharge plasma actuators could be used for
high-speed flow control where an induced flow speed of more than 7 m/s is
required [57-61]. High voltages of about 7 kV peak-to-peak are required for
energizing the millimeter-sized discharge gap of DBD plasma actuators applied
to turbulent boundary layer control for skin friction drag reduction [62-65].
Research has been done on dielectric barrier discharge (DBD) plasma actuators.
This type of plasma actuator is conventionally energized at voltages of tens of
kilovolts [22-24]. For flow control applications, a microplasma actuator which can
be energized at only 1 kV was developed; thus only a smaller-sized power supply
is necessary to energize the actuator, and there are no difficulties of electrically
insulating the high voltage.

The induced flow by microplasma actuator occurs due to electrohydrodynamic
(EHD) phenomenon through which by collision the momentum is transferred from
ions accelerated by the electric field to neutral molecules [22-24].

Microplasma actuator has small dimensions; thus the EHD flow measurements
are difficult to carry out. Besides the experimental investigation, numerical simula-
tion software was developed to study the microplasma actuator phenomena espe-
cially near the electrode surface where, due to the light emission, the measurements
were difficult [25-28].

For the numerical simulation of the flow, the Suzen-Huang model coupled with
Navier-Stokes equations was used [66-68]. Other researchers obtained numerical

simulation results close to the physical phenomena of the plasma actuator using the
Suzen-Huang model [69-71].

200 pm 1000 pm
fee—a |
HV1

2 T T
100 pm Dielectric layer GND

(b)

Figure 19.
Multi-electrode microplasma actuator. (a) Top view showing strip-like electrodes: HV as energized electrodes
and GND as ground; (b) Schematic cross-section view.
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2.4.1 Micvoplasma actuator

The schematic image of microplasma actuator is shown in Figure 19. It has a
multielectrode structure which allows various parts of the actuator to be energized
at different potentials or waveforms, thus obtaining different flow patterns.

The energized top-side electrode has 20 strip-like electrodes with a width of
200 pm and thickness of 16 pm made from copper and placed above a plate type
grounded electrode also made from copper. A dielectric layer of resin film with
a thickness of 25 pm is placed in between the strip-like electrodes and plate type
electrode.

Microplasma actuator is composed of four active parts as shown in Figure 19,
which can be driven independently. In the series of experiments, an AC voltage with
amplitude 1.4 kV and frequency 20 kHz was applied to the parts HV1 and HV4. The
applied voltage was pulse-modulated with 50% duty ratio and a burst frequency of
4 kHz. Parts HV1 and HV4 were energized by the AC voltage for 50 ms.

For the flow measurements using the particle tracking velocimetry method
(PTV), incense smoke composed from 0.3 pm tracer particles and a laser (Nd YVO,
532 nm) were used. The induced flow by the microplasma actuator was measured
with a high-speed camera of 1280 x 128 pixel resolution. The recording frequency
of the high-speed camera was at 4000 Hz. The PTV results were obtained using two
consecutive images.

2.4.2 Flow control by microplasma actuator

The active electrode parts HV1 and HV4 were energized by a pulse-modulated
AC voltage with amplitude 1.4 kV, frequency 20 kHz, and duty ratio 50%.

As shown in Figure 20, at time t = 1 ms, the vortexes appeared near the strip-
like energized electrodes having a counterclockwise direction for the HV1 part and
clockwise direction for the HV4 part.

Gradually in time the vortexes above part HV1 and part HV4 unite and form a
flow directed toward the right for the HV1 part and toward left above the HV4 part.
Furthermore, these two flows collide in the center part of the actuator, and upward
flow is formed as shown in Figure 20 at t = 10 ms. The PTV results from Figure 21

Figure 20.
Images of generated flow by microplasma actuator. Up to 10 ms vortexes appeared above the active electrodes.
After 10 ms upward flow is obtained.
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Figure 21.

PTV rvesults of generated flow by microplasma actuator. The maximum flow velocity was measured above the
active electvodes.

show the maximum values of flow velocity near the electrodes which at t = 2 ms was
about 0.3 m/s and at t = 10 ms was about 0.5 m/s.

In the center part of the actuator the maximum value was about 0.4 m/s.

Near the active electrodes due to the microplasma light emission, the measure-
ments were difficult to carry out; thus numerical simulations could give additional
information about the flow. Numerical simulation code based on the Suzen-Huang
model [66-68] was developed. Microplasma is an atmospheric pressure weakly ion-
ized nonthermal plasmaj; thus the model considers the potential V to be composed
from two potentials: the external electric field potential @ and the net charge density
potential @. Furthermore the body force was calculated based on these potentials.

Figure 22 shows the geometry used for numerical simulation. For the dielectric
the permittivity was eryq = 4 and for the air the permittivity was er,;, = 1. Furthermore
the harmonic mean of the permittivity was calculated for the conservation of the
electric field [67]. The grounded electrodes were considered as source charge, and
the value of the source charge was pc =0.00752 C/m’. The value of Debye length was
AD =0.00017 m for the air and AD = oo for the dielectric [67]. In order to obtain the
flow, the calculated body force Fx and Fy on the x- and y-axes ,respectively, were
introduced in the Navier-Stokes equations.

The flow velocity has the components u and v on x-axes and y-axes, respectively.
The dynamic viscosity p was calculated with the value of air density p = 1.177 kg/m’
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and the value of kinematic viscosity v = 1.57 x 10~ m?/s; thus dynamic viscosity was
p=18x10"kg/ms.

There was no wall on the left, right, and upper part.

The numerical calculations were carried out for six active electrodes (three for
HV1 and three for HV4) with grid dimensions 14 x 14 mm and 561 x 561 grid nodes
as shown in Figure 22.

The active electrodes were energized by an AC waveform with amplitude 1 kV,
20 kHz, and duty ratio 50%. The body force magnitude and direction according to
the “push-push” theory are similar for the positive and negative half-cycles [68].
Because the effective value of AC voltage with 1.4 kV amplitude is 1 kV, we have
considered for the numerical simulation a positive pulse signal with peak value of
1kV with duty ratio 50% as shown in Figure 23.

For the equations of potentials and body force which were solved before using
the Navier-Stokes equations, the finite difference method was used for the dis-
cretization. The calculated body force had the highest intensity near the active
electrodes.

Vortexes appeared in the initial stages of discharge near the energized electrodes
as shown in Figure 24. The vortexes were rotating counterclockwise for the Chl
electrodes and clockwise for the Ch4 electrodes up to 10 ms. With the lapse of time,
after 10 ms the vortexes start to unite on the left side and right side of the micro-
plasma actuator; thus over the Chl electrodes, the resultant flow was rightward
flow, and leftward flow was obtained on the right side of the actuator over the
Ch4 electrodes. The obtained flows collide in the center part of the actuator and
an upward flow resulted in that region. The maximum value of the flow was about
0.5 m/s and was calculated near the active electrodes at 1 ms. At 10 ms the maxi-
mum value increased to about 0.7 m/s. In the center region the upward flow maxi-
mum value was about 0.45 m/s and was obtained after 20 ms. The calculation was
carried out up to 50 ms when it can be observed that the upward flow extends up to
the upper part of the calculation geometry boundary. At up to 0.2 mm height from
the active electrodes, the microplasma light emission influenced the measurement;
thus the experimental data in that region was not accurate. The numerical results
gave us additional information about the flow near the active electrodes region.

200 pm N
- e ' ' Airg=1
mChl .~l lmn.('hl o .(‘hl o = (‘h-l. o (‘h-l. o (‘h-l._:\k:
GND ’—-E N GND GND GND GND GND 1 25pm
A mm Dielectric layer ¢,= 4

Figure 22.
Computational geometry. Ch1 and Chy electrodes were energized.
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Figure 23.
Voltage waveform.
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Figure 24.

Induced flow by the microplasma actuator.

The comparison between the experimental results and numerical simula-
tion results shows a good fit considering the flow characteristics and values. The
numerical simulation data was more accurate than the experimental results near the
active electrodes region.

The duty ratio was 50% for the HV1 and HV4 electrodes, thus the obtained flow
was an upward flow. By changing the duty ratio of electrodes or energizing other
parts (HV2 or HV3), the flow direction can be changed.

3. Conclusions

Dielectric barrier discharge microplasma has proven to be a technology with vari-
ous applications that can replace classical technologies for indoor air purification,
drug delivery, particles removal and induced flow. Microplasma can be generated at
voltages of about 1 kV making this technology safer, cheaper and easier to insulate
and integrate in other systems compared with classical non-thermal plasma technol-
ogies which requires tens of kilovolts. The low discharge voltage requires a smaller-
sized power supplies which also contributes to the miniaturization of the system.
The electrodes can be scaled up to large areas depending on the applications require-
ments without increasing the discharge voltage and in the case of microplasma
actuator the flexible-type electrode can be bent in various shapes to the surface.
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The microplasma process of hexadecane removal decreased the concentration of
hexadecane from the initial value of 3000 ppm to 150 ppm after the 120 minutes of
microplasma treatment. In comparison, the natural decay was decreasing to 950 ppm.

The plasma treatment of pig skin decreased to one-third (11 pm) that of the
original thickness after 60 s of treatment. After 30 s of treatment, the skin was
disrupted, and the saturation of etching effect was observed after 120 s.

The removal of SiO, particles from the surface of microplasma electrode
decreased with the increase of frequency. For frequencies between 10 and 500 Hz,
the removal rate was about 95%, but the removal rate decreased when the frequency
was 500 Hz or above.

The microplasma actuator induced an upward flow, while the electrode was
energized with a duty ratio of 50% in both left part and right part of the actuator.
The simulation results were confirmed by experimental results.
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