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Abstract

A single dielectric barrier discharge (DBD) plasma actuator using magnetic fluid (MF), termed “MF-DBD plasma
actuator,” is proposed and developed. The MF-DBD plasma actuator can be applied to fanless air purification devices
that can collect low-resistive particulate matter, such as diesel particulate by electrostatic force without re-entrainment.
The mechanism of ionic wind generation in the MF-DBD plasma actuator is discussed based on the mechanism in
conventional DBD plasma actuators. Ionic wind, temperature distribution, ozone, and ion concentrations are investigated
to obtain the fundamental characteristics of the MF-DBD plasma actuator. Consequently, the brightness and length of the
nonthermal plasma (NTP) discharge increase with an increase in the input voltage to the high-voltage AC power supply.
The positive values of the discharge voltage and current are greater than the negative absolute values. This phenomenon
can be explained using the ionic wind generation mechanism. A spike movement on the MF surface is observed. Based
on the temperature analysis, natural convection occurs inside the MF and convection suppresses the temperature increase
of the MF by self-cooling. The characteristics of ion wind velocity with respect to the input voltage and discharge current
are similar to those of conventional DBD plasma actuators. The relationship between ozone concentration and the input
voltage is clarified. Based on ion concentration measurements, negative ion concentration is extremely low overall. The
characteristic of positive ions with respect to the input voltage is obtained.
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1. Introduction

A magnetic fluid (MF) filter aided with nonthermal plasma (NTP) has been developed [1]. An MF is a colloidal
solution comprising fine ferromagnetic particles, with a typical size of 10 nm, suspended stably in a solvent
using surfactants. The fluid is magnetized in a magnetic field. In other words, the MF behaves like a
magnetizable liquid. In this filter, an MF is fixed to one electrode on one side of the dielectric barrier discharge
(DBD) with a magnet, and plasma discharges from spikes generated on the top surface of the MF by applying
a high AC voltage. Ozone generation characteristics produced by DBD from MF spikes was investigated [2].
Because the MF is fixed with a magnet, the MF filter with NTP can be used either horizontally or vertically,
regardless of its position. Moreover, particulate matter (PM) collections based on the electrostatic force are
effective for a wide range of particle sizes. However, PM collections using the electrostatic force are faced
with the inherent problem of low-resistance PM losing its charges at the collection electrode and re-scattering
into the main flow [3, 4]. This re-entrainment results in the poor collection. The MF filter with NTP resolves
the problem of re-entrainment by adsorbing and collecting PM onto the surface of the MF. This filter is
advantageous in that it can collect low-resistive PM, such as diesel particulate by electrostatic force without
re-entrainment.

PM collection without mechanical fans, that is, a fanless PM collection is attractive for further development
of the MF filter with NTP for air purification devices. A possibility for a fanless PM collection is the utilization
of ionic wind (ion or electric wind). One example of a fanless PM collection device using MF and NTP is
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illustrated in Fig. 1, which depicts the principle of PM collection and the electrodes configuration. The ionic
wind generated by DBD plasma actuators using MF can introduce pollutant gas containing PM. In addition,
pre-treatment for PM collection by electrostatic forces can be achieved through the charging of particulate
matter via NTP discharge from the DBD plasma actuators using MF. Although the development of the fanless
PM collection device remains a subject for future work, the elucidation of the fundamental characteristics of a
DBD plasma actuator using MF is of interest. Hauksbee reported the phenomenon of ionic wind in 1709 [5].
This is the discovery of ionic wind [6]. lonic wind can be induced using plasma actuators. A plasma actuator
that uses the NTP and electrohydrodynamic (EHD) phenomenon can induce or control internal and external
flows. DBD and corona discharges are mainly used as discharge methods for the ionic wind [7, 8]. The DBD
plasma actuator is crucial in this study. DBD plasma actuators and their ionic wind generation mechanisms
have been extensively studied both theoretically [9, 10] and experimentally [11—13]. The plasma actuator has
a simple structure, a small number of components, and easy flow control, making it advantageous. Therefore,
the plasma actuator and ionic wind are used in various applications, such as aerofoil [14, 15], fan, blower [16],
and air purification [17]. The DBD plasma actuator has also been improved to efficiently generate ion wind
[18]. The effect of the applied electric waveform on the ion wind velocity has been investigated to understand
the ionic wind mechanism [19, 20].

MF-DBD plasma actuators Main PM collection
Dielectric NTP discharge / Electrode
material

Electrode

Electrode f r r

L
Fig. 1. Pr_inciple of fanless PM collection device using MF and NTP.

A DBD plasma actuator using MF in view of DBD plasma actuators and MF filter with NTP is proposed,
termed “magnetic fluid DBD (MF-DBD) plasma actuator. To obtain the fundamental characteristics, a single
MF-DBD plasma actuator with a simple and fundamental structure is designed and established in this study.
In the case of air purification, the ionic wind introduces the gas or air to be purified into the MF-DBD plasma
actuator. Relatively large PMs can be adsorbed and collected on the surface of the MF owing to inertia and
gravity. In addition, by arranging multiple MF-DBD plasma actuators, PMs with a wide range of diameters
can be charged by discharge and they are collected on other MF surfaces. Furthermore, ozone generated by
NTP discharge is effective for sterilization and deodorization in air purification. Thus, the fundamental
characteristics of the MF-DBD plasma actuator, such as ionic wind, temperature distribution, and ozone
concentration are investigated.

2. Experimental
2.1 Principle of single MF-DBD plasma actuator

An MF or ferrofluid is a colloidal solution comprising fine ferromagnetic particles, with a typical size of 10
nm, suspended in solvent using surfactants. The fluid is magnetized in a magnetic field. Magnetite (Fe;Os) is
commonly used for ferromagnetic particles, which are coated with surfactants. The hydrophilic end of the
surfactant attaches to the surface of the ferromagnetic particle, whereas the hydrophobic end attaches to an oil-
based solvent (such as kerosene). The surfactant prevents the aggregation of ferromagnetic particles. In a
water-based MF, a double layer of surfactants is coated on the ferromagnetic particles. Spiking is a unique
phenomenon exhibited by MFs in which spikes form along the magnetic field lines. Further, the pattern, density,
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and length of the spikes can be controlled by controlling the magnetic flux density. The formation of spikes is
an interfacial phenomenon observed if the magnetic flux density exceeds a critical value [21]. For example,
for a water-based MF (W-40, Ichinen Chemicals Co., Ltd.), the theoretical critical magnetic flux density is B,
=86.6 x 104 T [22].

The DBD is an NTP discharge achieved by inserting a dielectric material between high-voltage electrodes.
In general, A high AC voltage is applied to the electrodes. A surface DBD is a type of DBD [23]. In a surface
DBD, the electrodes are in direct contact with a dielectric material. In most cases, DBD plasma actuators utilize
the surface DBD. The MF-DBD plasma actuator is also the surface DBD type. The principle of ionic wind
generation in the MF-DBD plasma actuator is shown in Fig. 2. The electrodes and dielectric material are placed
to be the surface DBD type. The magnets are used to fix the MF on the exposed electrode as shown in Fig. 2.
Spikes occur on the surface of the MF. The MF functions as an electrode; that is, as an MF electrode. The MF
and the insulated electrode sandwich the dielectric material. In this configuration, NTP discharge occurs on
the surface of the dielectric material from the edge of the MF when a high AC voltage is applied to the exposed
and insulated electrodes. The ionic wind is induced by the NTP discharge

H.V.
~)
Exposed U
electrode Magnetic fluid
Dielectric NTP discharge
material
\ lonic wind
—
Insulated
electrode
Magnet =

Fig. 2. Principle of ionic wind generation in the MF-DBD plasma actuator.

The ionic wind is induced by a collision between the drifting ions and the neutral particles in the gap of
electrodes. lonic wind velocity # owing to EHD is proportional to the square root of current i [24].

u=ki . (1)

Expanding Eq. (1), the ionic wind velocity u is formulated as follows [25, 26]:

, iD ’ jD
= |— = [— 2
u Pghid PgHi ( )

where D is the gap between electrodes, p, is the gas density, £ is the ionic mobility, 4 is the discharge cross
section, and j is the time-averaged discharge current density. In particular, Eq. (2) is applied to an ionic wind
velocity produced by a corona discharge. In addition, the ionic wind velocity is proportional to the applied
voltage [24]. The ionic wind generation mechanism in the MF-DBD plasma actuator is similar to that of the
DBD plasma actuator. The mechanism of ionic wind generation in the MF-DBD plasma actuator is shown in
Fig. 3. Based on the mechanism in conventional DBD plasma actuators [13], in MF-DBD plasma actuators,
dielectric breakdown of the air occurs when a high AC voltage is applied. The air becomes a plasma state with
electrons and positive ions. The collision of electrons with air immediately produces negative ions as well. The
polarity of the MF electrode on the dielectric material changes periodically. In the case in which the MF
electrode is negative, as shown in Fig. 3 (a), the electrons are emitted by the electrostatic force from the MF
electrode toward the insulated electrode underneath the dielectric material. However, owing to a dielectric
layer, the discharge terminates on the dielectric surface. Thus, electrons accumulated on the dielectric layer as
shown in Fig. 3 (b). In Fig. 3 (a), the negative ions also contribute to the generation of ionic wind [27]. In the
case in which the MF electrode is positive, as shown in Fig. 3 (c), electrons accumulated on the dielectric layer



Int. J. Plasma Environ. Sci. Technol. 17 (2023) e02001 T. Kuwahara et al.

travel toward the MF electrode. Notably, the discharge for negative and positive voltages is asymmetrical
because of the different electrode geometries between the MF electrode and the insulated electrode underneath
the dielectric material. as shown in Figs. 3 (b) and (d). In the case in which the MF electrode is positive as
shown in Fig. 3 (c), the electrons accumulated on the dielectric surface in Fig. 3 (b) also contribute to the
motion. As a result, the total momentum of the electrons in Fig. 3 (c) is greater than the total momentum in the
case in which the MF electrode is negative as shown in Fig. 3 (a). The positive ions, paired with electrons and
negative ions, have an inverse behavior compared with the electrons and negative ions. Electrons move to the
electrode in a very short time owing to their high mobility. In this state, the positive ions remain. The drifting
ions collide with the neutral particles. The ionic wind is induced by this collision that transfers momentum to
the neutral particles.

4= Momentum of positive irons
¢ Momentum of electrons & Electron
2
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Fig. 3. Mechanism of ionic wind generation in the MF-DBD plasma actuator. (a) The exposed

electrode is negative. (b) The exposed electrode is from negative to positive. (¢) The exposed
electrode is positive. (d) The exposed electrode is from positive to negative.

Accompanying the NTP discharge, ozone is generated from oxygen contained in the air based on the
following chemical reactions:

0;,+te—=0+0+e, 3)
O+0;—0s. (4)

Ozone is effective for sterilization and deodorization in air purification. Therefore, ozone concentration
produced in the single MF-DBD plasma actuator is crucial.

2.2 Experimental setup and measurement

The schematic of the single MF-DBD plasma actuator and its photograph are shown in Fig. 4, according to
which the dimensions and the ionic wind velocity measurement point are presented. The magnetic flux density
on the surface of the permanent magnet (a set of three neodymium magnets) is 490 mT. A water-based MF
(W-40, Ichinen Chemicals Co., Ltd.) is retained by the magnetic field of the permanent magnets. The mass of
the MF is 3.6 g. In this configuration, spikes are formed on the top surface of the MF, as shown in the
photograph of Fig. 4. The spike has a square bottom (generally 2 mm x 2 mm) and a height of 1.5-2.0 mm. A
glass plate is used as the dielectric material. The gap between the cover plate and the MF spike is approximately
2 mm. Aluminum tape is used for the exposed and insulated electrodes. Other walls and the top cover plate are
made of acrylic material. The cover plate is removable.
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Fig. 4. Schematic of a single MF-DBD plasma actuator and its photograph.
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Fig. 5. Experimental setup of the single MF-DBD plasma actuator and electrical connection.

The experimental setup of the single MF-DBD plasma actuator and electrical connection is shown in Fig.
5. The high AC voltage is applied to the electrodes using a high-voltage AC power supply (LHV-13AC, Logy
Electric Co., Ltd.) with a production capacity of 10 kV at 9 kHz. The input power to the power supply is
provided by a variable voltage transformer (MVS520, Yamabishi Denki) such that the input voltage can be
regulated. The measurement items are ionic wind velocity, temperature distribution, ozone concentration,
power consumption, and discharge voltage and current. The ionic wind velocity is measured using a hot wire
anemometer (CW-60, Custom Corporation) at the measurement point A (10 mm from the edge of the insulated
electrode) in Fig. 4. The temperature distribution is measured with a thermography camera (Hikmicro B20,
Hangzhou Microimage Software Co., Ltd.). The cover plate is removed in the temperature distribution
measurement for accurate measurement. NTP discharge and MF temperatures are obtained from thermography.
Ozone concentration is measured using a gas detector tube (No. 18M, Gastec Corporation) at the same
measurement point as the velocity measurement. The power consumption is measured using a wattmeter (TAP-
TST7, Sanwa Supply Inc.). The discharge voltage and current are measured using an oscilloscope (DS6062,
Owon Technology Inc.), a high-voltage probe (P6015A, Tektronix Inc.), and a current probe (P6021A,
Tektronix Inc.) as shown in Fig. 5. The discharge voltage is measured at the exposed electrode. Positive and
negative ion concentrations are measured using an ion counter (NT-C101A, Andes Electric Co., Ltd.) at
measurement point B (30 mm from the edge of the insulated electrode) in Fig. 4. The ion counter is equipped
with a double coaxial cylinder type ion detection sensor. Measured values are calculated using a conversion
formula based on the Japanese Industrial Standards (JIS) B 9929.
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3. Results and discussion
3.1 NTP discharge characteristics

The resultant NTP discharge, i.e. DBD with respect to the input voltage are shown in Fig. 6. The photographs
of DBD with respect to the input voltage are shown in Fig. 6 (a). The resultant photographs at the input voltage
Vin = 40—100 V to the high-voltage AC power supply are presented. Consequently, no NTP discharge is
observed at Vi, = 0—40 V; however, it is observed at Vi, = 50—100 V. NTP micro-discharges are generated
from the edge surface of the MF toward the insulated electrode. As the input voltage increases, the brightness
and length of the NTP discharge increase. Therefore, as the input voltage increases, the discharge current
increases. Discharging from an MF can prevent the exposed electrode from being damaged by the discharge.
Fig. 6 (b) shows the relationship between input voltage Vi, and discharge area Aqis by image processing. An
example of image processing at Vi, = 100 V is also shown in the graph. The graph also shows an approximated
line. The image processing procedure is as follows: First, the reference area of 12.2 mm x18.0 mm containing
the discharge is cropped and converted to grayscale. The grayscale image has 256 shades of gray in a pixel.
To count the pixels of discharge area, the number of pixels in 150—255 shades is counted. The discharge area
is calculated based on the number of pixels and area of the reference area. The graph shows that as Vi, increases,
the discharge area also increases.
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Fig. 6. The resultant NTP discharge, i.e. DBD with respect to the input voltage. (a)Photographs
of NTP discharge with respect to input voltage Vi,. (b) Relationship between input voltage Vin
and discharge area A4;s by image processing.

The relationship between the input voltage Vi, and the power consumption Pen at the high-voltage AC
power supply is shown in Fig. 7. Data are measured 10 s after turning on the power supply. It is noted that Pcon
includes the power consumed by the internal circuit of the power supply. The data are the average value of six
measurements and their standard errors. The standard errors are small. The measured Pcon is plotted with a
solid line that is an approximate curve with squared approximation at Vi, = 20—100 V. The result is as follows.
The approximate curve is expressed at Vi, =20—100 V as

Feon = aVj 2 (5)
where « is a coefficient (o = 6.5 x 107 A/V in this study). Notably, the 5 W is consumed initially by the

circuit, even without discharge at Vi, = 0—20 V. Based on this result, although no NTP discharge is observed
visually at Vi, = 0—40 V, a weak NTP discharge can occur even at Vi, =30—-40 V.
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Fig. 7. Relationship between the input voltage Vi, and the power consumption P,y in the
high-voltage AC power supply.

The discharge voltage characteristics are shown in Fig. 8. The waveforms of the discharge voltage Vs and
current /gis at Vin = 100 V are shown in Fig. 8 (a). The waveform of Vs is sawtooth on both the positive and
negative sides with a frequency /= 12.8 kHz. In the case of the first cycle, the instantaneous maximum value
of the discharge voltage Vmax, that is, the zero-to-peak voltage Vo, is 8.8 kV and the minimum value Vi, is
—5.6 kV. The peak-to-peak and root-mean-square (RMS) values of the discharge voltage are V,, = 14.4 kV
and Vrms =4.3 kV, respectively. This voltage waveform could be due to the characteristics of the power supply.
The instantaneous maximum value of the discharge current /max is 45.6 mA and the minimum value /Inin is
—22.4 mA. The peak-to-peak and RMS values of the discharge current are /,., = 68.0 mA and /rms = 12.2 mA,
respectively. A fine waveform with a frequency f; of approximately 100 kHz overlaps the main sawtooth
waveform in the discharge voltage and current. This fine waveform can be caused by the micro-discharges that
constitute the DBD. The positive values of the discharge current are greater than the negative absolute values;
that is, [/max| > |Imin|. This is because in the case in which the exposed electrode is negative, although electrons
are emitted from this electrode, these electrons are accumulated on the dielectric layer as explained in Figs. 3
(a) and (b). Consequently, the number of flowing electrons decreases and the current decreases as well.
However, in the case in which the exposed electrode is positive, the deposited electrons also move toward the
exposed electrode, as explained in Figs. 3 (c) and (d). Consequently, the number of flowing electrons increases
and the current increases. Relationships between input voltage Vi, and discharge voltage Vais (Vrms and Vo-p)
are shown in Fig. 8 (b). The black circle shows the Vrms and the white circle shows the V. The solid line is
an approximation.

1 100 10
—_ => [
< 80 z < 9
=3 60 E 3 8
N 40 F s I
3 20 5 g6t
3 0 3 S i y
o -2 20 § g [
> 8 g 3
s 4 40 £ g0t
3 6 {60 2 2 “F
a —Discharge voltage e a 1 [
-8 —Discharge current 3 -80 0
-10 ! * ! * -100 0 10 20 30 40 50 60 70 80 90 100
0 100 200 300 400 500
Time ¢ (us) Input voltage ¥, (V)
(a) (b)

Fig. 8. Discharge voltage characteristics. (a) Waveforms of discharge voltage Vgis and current /gis
at Vin=100 V. (b) Relationship between input voltage Vi, and discharge voltage Vais (RMS Vrwms
and zero-to-peak Vo).
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A linear relationship exists in both Vrmsand Vo, cases. The linear relationships are expressed as follows:
Vims = 43.4Vi, (©)
Vo_p = 88.5V;, (7

3.2 Temperature characteristics

The time-dependent temperatures of NTP discharge and MF are shown in Fig. 9 (a). The white circle shows
the NTP discharge temperature 7ntp and the black circle shows the temperature at the center of the MF Tir.
These are the average values of six measurements and their standard errors. The standard errors are small. A
solid line indicates a curve approximated by a second-order polynomial. The initial room temperature and
humidity are approximately 27 °C and 34%, respectively. Consequently, the Tntp increases abruptly to 61.6 °C
in the first 10 s, and then increases gently to 85.7 °C at the elapsed time # =120 s. Conversely, the Twr increases
gently to 38.6 °C at £ =120 s. The temperature difference AT = Txtp — Twmr is 34.8 °C in the first 10 s, and then
increases slowly to 47.1 °C at £ =120 s. The thermography of a single MF-DBD plasma actuator at t =120 s is
shown in Fig. 9 (b). Inside the actuator, the NTP discharge temperature (85.8 °C) is the highest, followed by
the temperature (approximately 60—70 °C) of the dielectric above the insulated electrode. However, the
temperature of the electrodes (approximately 27 °C) does not increase. The high-temperature of the NTP
discharge is caused by electrons with high temperature as shown in Figs. 3 (a) and (c). The temperature increase
of the dielectric above the insulated electrode results from the high temperature electrons accumulated on the
dielectric layer, as shown in Fig. 3 (b).

100

Max:85.8
Min:27.3
80 Cen:40.2
NTP discharge
60 ONTP discharge

® Magnetic fluid

40
Electrodes

20 | Py

Temperature T (°C)

Magnetic fluid

0 20 40 60 80 100 120
Elapsed time ¢ (s)
(a) (b)
Fig. 9. Temperature change and distribution. (a) Time-dependent temperatures 7 of NTP
discharge and MF. (b) Thermography of a single MF-DBD plasma actuator at an elapsed
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Fig. 10. Explanation of natural convection in MF. (a) Schematic of movement of spikes on
the MF surface and ionic wind flow. (b) Schematic of internal natural convection in the MF
and self-cooling.
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Accompanying the NTP discharge, the spikes on the surface of the MF move in the direction shown in Fig.
10 (a). A possible mechanism of the spike movement is shown in Fig. 10 (b). The bottom edge of the MF on
the side of the insulated electrode is heated by the NTP discharge. The heated MF rises and is cooled by
ambient air. This causes natural convection inside the MF. That is, the convection suppresses the temperature
increase of the MF by self-cooling as a result of Fig. 10 (b). Cooling by ambient air is enhanced by the
formation of spikes on the MF that increase the surface area (the heat-exchange area).

3.3 Characteristics of lonic wind velocity

The relationship between the input voltage Vin and the ionic wind velocity u is shown in Fig. 11 (a).
In the measurement, the room temperature and humidity are generally 22 °C and 24%, respectively.
Data are measured 10 s after turning on the power supply. The data are the average values of seven
measurements and their standard errors. The solid line is an approximation. u is zero at Vin=0-60 V.
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2 2
= 0.1 = 0.1

0.0 0.0
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Fig. 11. Ionic wind velocity characteristics. (a) Relationship between the input voltage Vi,
and the wind velocity u induced by the ionic wind. (b) Relationship between the square root

of discharge current ./14;s and the wind velocity u.

A linear relationship exists at Vi, = 60—100 V. Thus, the ionic wind velocity in a single MF-DBD plasma
actuator is proportional to the applied voltage as follows:

u = kyAViy = ko (Vin — Vo) (8)

where k3 is a coefficient and V5 is the input voltage at the start of ionic wind generation. In this experiment, k>
=9.7x 107 and V, =60 V. Considering the discharge voltage Vais (Vrms and V) in Egs. (6) and (7), the ionic
wind velocity can be rewritten as

u = k3AVrms = kyAVpp )

where k3 = k2/43.4 = 2.2 x 107*, AVRws is the differential Vrms from the start of ionic wind generation, ks = k»
/88.5=1.1 x 10"* and AV%,, is the differential AV, from the start of ionic wind generation. This result agrees
with the conventional plasma actuator [24]. Consequently, the ionic wind velocity  is generally 0.4 m s™' at
Vin = 100 V. Notably, although u is not detected at V;, = 0—60 V, a weak ionic wind can occur even at Vi, =
30—-60 V as shown and discussed in the power consumption Pco in Fig. 7. Considering Eq. (1) as i = Iy, the

relationship between the square root of the discharge current /I4;s and the wind velocity u is shown in Fig. 11
(b). The solid line is an approximation. The linear relationship at 1/I4;s > 2.66 (mA)"? is expressed as follows:

u = kyAfIgis = ky (lais —y/To) - (10)
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In this experiment, k; = 0.42 and Ip = 2.66 (mA)">.
3.4 Characteristics of ozone and ion concentrations

The relationship between the input voltage Vi, and the ozone concentration Cos produced by the NTP discharge
is shown in Fig. 12. In the measurement, the room temperature and humidity are 24 °C and 36%, respectively.
The data are measured 10 s after turning on the power supply. The data are the average values of three
measurements and their standard errors. A solid line indicates a curve approximated by a third-order
polynomial at Vi, = 50—100 V. Cos is zero at Vin = 0—50 V. Co;3 increases at Vin = 60—90 V. Cos is 140 ppm at
Vin = 90 V. Cos decreases to 113 ppm at Vi, = 100 V. Ozone is generated through the collision of oxygen
molecules and electrons in the air. As the input voltage increases, the number of electrons released by discharge
should also increase as seen in Fig. 6 (a), allowing efficient ozone generation at Vi, = 100 V. However, Cos is
observed to be decreasing. Because this decrease in Coz is unlikely to be caused by electrical factors of

discharge, this decrease in Cos can result from dilution by air induced by the ionic wind.
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Fig. 12. Relationship between the input voltage Vi, and the ozone concentration Cos.
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Fig. 13. Relationship between the input voltage Vi, and the ion concentration Cion.

The relationship between the input voltage Vi, and the ion concentration Cion produced by NTP discharge
is shown in Fig. 13. Negative ions are plotted as black circles and smoothly connected by solid lines. Positive
ions are plotted as white circles and smoothly connected by dashed lines. In the measurement, the room
temperature and humidity are 22 °C and 37%, respectively. In one measurement, the average of ion
concentrations per second for the first 10 s after turning on the power supply is obtained. The data are the
average values of six measurements and their standard errors. In the case of negative ions, although the Cion

10
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reaches 0.45 x 10°ions cm > at Vi, = 60 V, Cion is extremely low. One possible explanation is that as the strength
of the electric field increases, the generated electrons flow back to the MF electrode. in the process of Figs. 3
(c) and (d). Therefore, few electrons are emitted into the atmosphere. The higher negative ion concentration at
Vin = 50—60 V may possibly be because the discharge is weak at Vi, = 50—60 V as seen in Fig. 6. That is, the
voltage is low and the electrostatic force is weak; thus, some electrons are emitted into the atmosphere.
However, this explanation is only a hypothesis and should be validated through further investigation. In the
case of positive ions with a considerably greater mass and mobility less than those of electrons, Cion increases
at Vin = 60—80 V and decreases at Vi, = 80—100 V although the data contain relatively large errors. Given that
the ionic wind is induced by the collision between these drifting positive ions and the neutral particles, an
increase in the ionic wind velocity at Vi, = 60—100 V should result in a corresponding increase in the Ciop.
However, the decrease in Cion at Vin = 80—100 V is contrary to this explanation. Therefore, this decrease in Cion
is unlikely to be caused by electrical factors of discharge. Similar to the case of Cos, this decrease in Cio, can
result from dilution by air induced by the ionic wind, although Cion increases with Vin. The Cion of a positive
ion is crucial in ionic wind generation.

4. Conclusion

In this study, a single MF-DBD plasma actuator is proposed, designed, and established with a simple and
fundamental structure. lonic wind velocity, temperature distribution, and ozone and ion concentrations are
investigated to obtain the fundamental characteristics of the MF-DBD plasma actuator.

(1) NTP discharge is observed at input voltage Vi, = 50—100 V. NTP micro-discharges are generated from
the edge surface of the MF toward the insulated electrode. The brightness and length of the NTP discharge
increase with input voltage.

(2) The relationship between the input voltage Vi, and the power consumption P, at the high-voltage AC
power supply is clarified. The relationship is approximated using a squared approximation.

(3) The waveforms of discharge voltage Viis and current /gis at Vi, = 100 V are obtained through measurements.
Based on the waveform analysis, the positive values of the discharge current are higher than the negative
absolute values. This phenomenon is consistent with the ionic wind generation mechanism.

(4) The time-dependent temperatures of NTP discharge Tnte and MF Twr are investigated. Simultaneously, a
spike movement on the MF surface is also observed. Based on temperature analysis, natural convection
occurs inside the MF, which suppresses the temperature increase in the MF by self-cooling.

(5) The effect of the input voltage Vi, on ionic wind velocity u induced by the ionic wind is investigated
experimentally. In addition, the relationship between the square root of the discharge current \/E and
the wind velocity u is investigated. Their relationships are linear, and formulae of u are expressed as
functions of Vi, Vais (Vrms and Vo) and \/E from the experimental results. The characteristics of ion
wind velocity with respect to the input voltage and discharge current are similar to those of the
conventional DBD plasma actuator.

(6) The effect of the input voltage Vi» on 0zone concentration Cos produced by NTP discharge is investigated.
Cos increases at Vin = 60—90 V. Cos is 140 ppm at Vi, = 90 V and decreases to 113 ppm at Vi, = 100 V.
This decrease in ozone concentration can result from dilution by air induced by the ionic wind, although
the concentration of Cos increases with Vis,.

The effect of the input voltage Vi, on positive and negative ion concentrations Cion generated by NTP
discharge is investigated. The Ci,, of negative ions is extremely low overall. The Cin of positive ions increases
at Vin = 60—80 V and decreases at Vi, = 80—100 V. The characteristics of the discharge current waveform and
the relationship between the discharge current and ion wind velocity are similar to those of conventional DBD
plasma actuators. Therefore, the ionic wind generation mechanism in the MF-DBD plasma actuator is similar
to that of the DBD plasma actuator.
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