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ABSTRACT

A small and inexpensive plasma actuator is capable of
accelerating induced flow and increasing the effect of controlling flow. A plurality of electrode pairs are disposed on
a dielectric layer upstream to downstream along a predetermined direction. Each electrode pair includes an upstream
electrode disposed on one surface of the dielectric layer and
a downstream electrode disposed on another surface of the
dielectric layer to sandwich the dielectric layer between the
upstream electrode. A lowest electrode is on the one surface
of the dielectric layer displaced downstream from the downstream electrode in an the most downstream electrode pair to
have the same potential as the downstream electrode. A
voltage application device is configured to apply voltage
including AC voltage or repeated pulse voltage to each
electrode pair such that the potential of the applied voltage
inverts at adjacent electrode pairs.
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PLASMA ACTUATOR
FIELD OF THE INVENTION
10001]

The present invention relates to a plasma actuator.
DESCRIPTION OF RELATED ART

10002] The development of fluid control devices for preventing flow separation around airplane wings and reducing
fluid dynamic noise has been a subject of study for many
years. In the prior art, many passive fluid control devices
have been developed. In recent years, active fluid control
devices have become more popular, with researchers working in particular to develop plasma actuators that use ionic
wind induced by discharge to control air flow.
10003] Examples of technologies that have been developed include a fluid control system that uses a single plasma
actuator consisting of two electrodes and a dielectric in order
to effectively control flow separation around wings (see, for
example, Patent Document 1), and plasma actuator that
controls the direction of air flow by controlling the position
of generated plasma, in which a first electrode formed on a
dielectric layer, a pair of second electrodes formed into a
comb-shape on another dielectric layer facing each other,
and a pair of third electrodes formed into a comb-shape on
yet another dielectric layer facing each other are stacked via
dielectric layers (see, for example, Patent Document 2).
10004] There has also been developed a technology of
exposing a downstream side of a lower electrode that is
normally completely covered with a dielectric in order to
improve the performance of a single plasma actuator (see,
for example, Non-patent Document 1), and a plasma actuator in which an exposed electrode has been added and which
uses three electrodes (see, for example, Non-patent Document 2).
10005] A plurality of plasma actuators may be arranged in
a row to improve performance. However, in one experiment
in which two plasma actuators with the same electrical
layout were arranged in a row, insufficient distance between
the plasma actuators caused air flow in a direction opposite
to the main air flow. As a result, the main air flow could not
be effectively accelerated (see, for example, Non-patent
Document 3).
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10008] Non-patent Literature 1: D. F. Opaits et al,
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AIAA 2009-487
10009] Non-patent Literature 2: N. Asaumi, "Study on
Multi-electrode Plasma Actuators for Turbomachinery
Application", Tottori University, Doctoral Thesis, 2018
10010] Non-patent Literature 3: M. Forte, J. Jolibois, J.
Pons, E. Moreau, G. Touchard, and M. Cazalens, "Optimization of a dielectric barrier discharge actuator by
stationary and non-stationary measurements of the
induced flow velocity: application to airflow control",
Exp. Fluids, 2007, 43, 917-928
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SUMMARY OF THE INVENTION
10011] The plasma actuators disclosed in Patent Documents 1 and 2 have improved effects in the control range and
can control the direction of air flow according to the situation. However, the power supply devices in these actuators
are large and costly because a sufficient control effect cannot
be obtained unless alternating voltage at an interpeak voltage of around 20 to 40 kV is applied. In the plasma actuator
disclosed in Non-patent Document 1, increasing the applied
voltage for achieving the effect of air flow control causes arc
discharge and electrodes to erode. Thus, there is a need to
suppress the applied voltage, which results in an insufficient
control effect. In the plasma actuator disclosed in Non-patent
Document 2, a difference in potential is formed between
covered electrodes and newly added exposed electrodes. As
a result, discharge occurs in a direction opposite to the main
air flow direction when voltage of the added exposed
electrode increases and induced air flow deviates from the
intended direction. Because of this, a sufficient air flow
control effect cannot be achieved.
10012] As described in Non-patent Document 3, even
arranging a plurality of plasma actuators having the same
electrode layout in a row results in air flow in the opposite
direction. Thus, induced air flow cannot be accelerated and
a substantial effect of air flow control cannot be achieved.
10013] The present invention has been made in light of the
above-described problems, and an object of the present
invention is to provide a small and inexpensive plasma
actuator capable of accelerating induced air flow and
increasing the effect of controlling air flow.
10014] In order to achieve the above object, a plasma
actuator according to the present invention includes a dielectric layer, a plurality of electrode pairs disposed on the
dielectric layer upstream to downstream in a predetermined
direction along one surface of the dielectric layer, a lowest
electrode disposed on the dielectric layer on a downstream
side of each of the plurality of electrode pairs, and voltage
application means configured to apply voltage including AC
voltage or repeated pulse voltage to each of the plurality of
electrode pairs, each of the plurality of electrode pairs
including an upstream electrode disposed closer to one
surface of the dielectric layer, and a downstream electrode
disposed closer to another surface of the dielectric layer and
displaced downstream from the upstream electrode so as to
sandwich the dielectric layer between the upstream electrode, in which, in adjacent electrode pairs, the upstream
electrode of the downstream electrode pair is displaced
downstream from the downstream electrode of the upstream
electrode pair, the lowest electrode is disposed closer to the
one surface of the dielectric layer and displaced downstream
from the downstream electrode in a most downstream electrode pair so as to have the same potential as the downstream
electrode in the most downstream electrode pair, and the
voltage application means is confgured to apply the voltage
such that polarity of the applied voltage is inverted at
adjacent electrode pairs.
10015] The plasma actuator according to the present
invention can use the voltage application means to generate
discharge plasma between the upstream electrode and the
downstream electrode in each electrode pair and induce
upstream to downstream flow by applying voltage including
AC voltage or repeated pulse voltage. The plasma actuator
is configured such that, at this time, the polarity of the
voltage applied by the voltage application means is inverted
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at adjacent electrode pairs. Thus, among the adjacent electrode pairs, potential of the downstream electrode in an
upstream electrode pair and potential of the upstream electrode in a downstream electrode pair can be made constantly
equal. Further, because the lowest electrode is configured to
have the same potential as the downstream electrode in the
most downstream electrode pair, the potential of the lowest
electrode and the potential of the downstream electrode in
the most downstream electrode can be made constantly
equal. As a result, discharge can be prevented from occurring between electrodes and flow opposite to the flow
induced at each electrode pair can be prevented.
10016] The plasma actuator according to the present
invention is configured such that the polarity of the voltage
applied by the voltage application means is inverted at
adjacent electrode pairs. Thus, charge on the dielectric layer
deposited due to discharge generated at each electrode pair
can be removed by the upstream electrodes in adjacent
electrode pairs on the downstream side. Further, charge on
the dielectric layer deposited due to discharge generated at
the most downstream electrode pair can be removed by the
lowest electrode because the lowest electrode is disposed so
as to have the same potential as the downstream electrode in
the most downstream electrode pair. Thus, the charge on the
dielectric layer deposited by discharge generated at each
electrode pair can be prevented from impeding the flow
induced at each electrode pair. As a result, induced flow can
be accelerated upstream to downstream and the effect of
controlling flow can be increased. Further, control effects
similar to that in the prior art can be achieved even when the
voltage applied by the voltage application means is
decreased. Thus, the voltage application means can be made
smaller to achieve a small and inexpensive configuration.
10017] With the plasma actuator according to the present
invention, the voltage application means is preferably configured such that voltage is applied to either of the upstream
electrode and the downstream electrode in each electrode
pair and, at this time, the other of the upstream electrode and
the downstream electrode in each electrode pair is grounded.
In this case, if, for example, the voltage application means
may be configured to ground the downstream electrode in an
odd-numbered electrode pair from the upstream side and the
upstream electrode in an even-numbered electrode pair from
the upstream side when the voltage application means has
applied voltage to the upstream electrode in an odd-numbered electrode pair from the upstream side and the downstream electrode in an even-numbered electrode pair from
the upstream side, or the voltage application means may be
configured to ground the upstream electrode in an oddnumbered electrode pair from the upstream side and the
downstream electrode in an even-numbered electrode pair
from the upstream side when the voltage application means
has applied voltage to the downstream electrode in an
odd-numbered electrode pair from the upstream side and the
upstream electrode in an even-numbered electrode pair from
the upstream side. With this configuration, the polarity of
voltage applied by the voltage application means can be
inverted at adjacent electrode pairs.
10018] With the plasma actuator according to the present
invention, the voltage is preferably voltage obtained by
superimposing the AC voltage or the repeated pulse voltage
with DC voltage. In this case, charged particles of discharged plasma generated by the AC voltage or repeated
pulse voltage can be accelerated by the DC voltage. With

this configuration, induced flow can be further accelerated
and the effect of controlling flow can be further increased.
Further, the voltage application means may have any configuration provided that the voltage application means can
apply voltage obtained by superimposing the AC voltage or
the repeated pulse voltage with DC voltage. For example,
the voltage application means may be a combination of an
AC power supply or a pulse power supply and a DC power
supply, or a combination of a DC power supply and
switches.
10019] When the voltage application means is configured
of a combination of a DC power supply and switches, for
example, the voltage application means may include the DC
power supply, a first switch, and a second switch. Further,
the voltage application means may be confgured such that
either of the upstream electrode and the downstream electrode in each electrode pair is electrically coupled to the DC
power supply via the first switch and grounded via the
second switch, and the other of the upstream electrode and
the downstream electrode in each electrode pair is grounded.
Further, an operation in which the first switch is turned on
and the second switch is turned off, and the first switch is
turned off and the second switch is turned on may be
repeated. The voltage application means may further include
the DC power supply, a first switch, a second switch, a third
switch, and a fourth switch, and be configured such that
either of the upstream electrode and the downstream electrode in each electrode pair is electrically coupled to the DC
power supply via the first switch and grounded via the
second switch, and the other of the upstream electrode and
the downstream electrode in each electrode pair is electrically coupled to the DC power supply via the third switch
and grounded via the fourth switch. Further, an operation in
which the first switch and the fourth switch are turned on and
the second switch and the third switch are turned off, and the
first switch and the fourth switch are turned off and the
second switch and the third switch are turned on may be
repeated.
10020] When one electrode pair is provided, the plasma
actuator according to the present invention preferably
includes a dielectric layer, an upstream electrode disposed
closer to one surface of the dielectric layer, a downstream
electrode disposed closer to another surface of the dielectric
layer and displaced downstream from the upstream electrode
so as to sandwich the dielectric layer between the upstream
electrode, a lowest electrode disposed closer to the one
surface of the dielectric layer and displaced downstream
from the downstream electrode so as to have the same
potential as the downstream electrode, and voltage application means configured to apply voltage including AC voltage
or repeated pulse voltage to either of the upstream electrode
and the downstream electrode and, when the voltage is
applied to one of the upstream electrode and the downstream
electrode, ground the other of the upstream electrode and the
downstream electrode. Even with such a confguration,
induced flow can be accelerated and the effect of controlling
flow can be enhanced. Further, the plasma generator can
adopt a small and inexpensive confguration. Even with such
a configuration, the voltage is preferably obtained by superimposing AC voltage or repeated pulse voltage with DC
voltage.
10021] In the plasma actuator according to the present
invention, the upstream electrode and the lowest electrode
may be divided into a pair of separated electrodes aligned in
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the predetermined direction, and a separated electrode on an
upstream side or a downstream side in each pair of separated
electrodes may be coupled to a resistor. In this case, the
resistor can control current that flows through the upstream
or downstream separated electrode in each pair. With this
configuration, even the applied voltage is high or if the
interval between upstream electrodes in adjacent electrode
pairs is small, the electric field formed between upstream
electrodes of adjacent electrode pairs can be weakened and
transition to arc discharge can be prevented.
10022] The plasma actuator according to the present
invention consists of a multiple electrode plasma actuator
and is a plasma actuator including a plurality of high-voltage
electrodes and ground electrodes so as to sandwich a dielectric. Such a plasma actuator may have the following configuration: a first upper electrode, a first lower electrode, and
a second upper electrode are used as a high-voltage electrode, a ground electrode, and a ground electrode, respectively, and a first plasma forming space is formed between
the first upper electrode and the second upper electrode. A
second lower electrode and a third upper electrode are both
used as high-voltage electrodes, and a second plasma forming space is formed between the second upper electrode and
a third upper electrode. AC voltage or a repeated pulse
voltage waveform superimposed with DC voltage is applied
to each high-voltage electrode. This configuration corresponds to a case where two electrode pairs are provided and
the dielectric is a layer-shaped dielectric layer, where the
first upper electrode and the first lower electrode, and the
second upper electrode and the second lower electrode form
electrode pairs, respectively. The first upper electrode and
the second upper electrode correspond to the upstream
electrode of each electrode pair, the first lower electrode and
the second lower electrode correspond to the downstream
electrode of each electrode pair, and the third upper electrode corresponds to the lowest electrode. On one surface of
the dielectric layer in a pair, the first upper electrode, the
second upper electrode, and the third upper electrode are
arranged on the upper side, and the first lower electrode and
the second lower electrode are arranged on the lower side.
10023] In this case, the plasma actuator has a structure
where an n-th upper electrode (n is equal to 1, 2 to 3) is
divided into an n1-th upper electrode and an n2-th upper
electrode, and a resistor for limiting current flowing to the
n1-th upper electrode has been added. With this configuration, the plasma actuator can have the function of preventing
a transition to arc discharge. The electrodes may have a
structure where the first upper electrode, the first lower
electrode, the second upper electrode, and the second lower
electrode are repeatedly disposed such that the third upper
electrode becomes the first upper electrode. If two or more
electrode pairs are to be provided, an m-th upper electrode
and an m+1-th lower electrode may be used as high-voltage
electrodes and an m-th lower electrode and an m+1 -th upper
electrode may be used as ground electrodes (m is an odd
number equal to or greater than 1), and a plasma forming
space may be formed between adjacent upper electrodes.
Further, each high-voltage electrode may be applied with an
AC voltage or repeated pulse voltage waveform superimposed with DC voltage. At this time, the electrodes may have
a structure where the m-th upper electrode is divided into an
m1-th upper electrode and an m2-th upper electrode, and the
m+1-th upper electrode is divided into an (m+1)1-th upper
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electrode and an (m+1)2-th upper electrode, and a resistor
has been added to the m1-th upper electrode and the (m+1)
1-th upper electrode.
10024] According to the present invention, it is possible to
provide a small and inexpensive plasma actuator capable of
accelerating induced flow and increasing the effect of controlling flow.
BRIEF DESCRIPTION OF THE DRAWINGS
10025] FIG. 1 is a cross-sectional diagram illustrating a
plasma actuator according to an embodiment of the present
invention.
10026] FIG. 2 is a block diagram illustrating an electrode
layout in a plasma actuator according to an embodiment of
the present invention.
10027] FIG. 3 is a cross-sectional diagram illustrating a
modification example of the plasma actuator in FIG. 1,
including a segmented electrode and a resistor when three or
more pairs of electrodes are provided.
10028] FIG. 4 is a plan view illustrating a modification
example of the plasma actuator in FIG. 1 including a
segmented electrode and a resistor when three pairs of
electrodes are provided.
10029] FIGS. SA and SB illustrate results of a performance
evaluation test performed on the plasma actuator in FIG. 1
when the number of electrode pairs is changed, where FIG.
SA is a graph showing the relationship between DC voltage
and induced airflow and FIG. SB is a cross-sectional diagram illustrating electrode layouts (cases 1 to 4) used in the
performance evaluation test.
10030] FIG. 6 is a circuit diagram illustrating a first
modification example of voltage application means in the
plasma actuator in FIG. 1.
10031] FIG. 7 illustrates results of a performance evaluation test performed on the plasma actuator in FIG. 6, where
(a) of FIG. 7 is a graph showing a voltage waveform applied
using voltage application means and (b) of FIG. 7 is a graph
showing a voltage waveform that flows in each electrode
during the performance evaluation test.
10032] FIGS. 8A and 8B illustrate results of a performance
evaluation test performed on the plasma actuator in FIG. 6,
where FIG. 8A is a graph showing a speed profile of air flow
induced when the frequency of repeated pulse voltage
applied using voltage application means is 50 kHz, 100 kHz
and DC voltage is 1200 V and FIG. 8B is a graph showing
a speed profile of air flow induced when the frequency of
repeated pulse voltage applied using voltage application
means is 50 kHz, 100 kHz and DC voltage is 1500 V.
10033] FIG. 9 is a circuit diagram illustrating a second
modification example of voltage application means in the
plasma actuator in FIG. 1.
DETAILED DESCRIPTION OF THE
INVENTION
10034] An embodiment of the present invention will be
described below with reference to the drawings.
10035] FIGS. 1 to 9 illustrate a plasma actuator according
to an embodiment of the present invention.
10036] As illustrated in FIGS. 1 to 4, a plasma actuator 10
includes a dielectric layer 11, a plurality of electrode pairs
12, a lowest electrode 13, and a voltage application means
14.
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10037] As illustrated in FIG. 1, the dielectric layer 11 is
formed of a dielectric and has a predetermined thickness.
The dielectric layer 11 may be made of various materials. In
the specific example illustrated in FIG. 1, the dielectric layer
11 is made of a polyimide film.
10038] Each electrode pair 12 is disposed in a predetermined direction upstream to downstream along one surface
of the dielectric layer 11. Each electrode pair 12 includes an
upstream electrode 21 disposed on one surface of the
dielectric layer 11 and a downstream electrode 22 disposed
on another surface of the dielectric layer 11 displaced
downstream from the upstream electrode 21. Each electrode
pair 12 is disposed such that the dielectric layer 11 is
sandwiched by the upstream electrode 21 and the downstream electrode 22. Adjacent electrode pairs 12 are formed
such that the upstream electrode 21 of a downstream electrode pair 12 is displaced downstream from the downstream
electrode 22 of an upstream electrode pair 12. In the specific
example illustrated in FIG. 1, the upstream electrode 21 and
the downstream electrode 22 are made of copper tape. In the
specific example illustrated in FIG. 1, three or more electrode pairs 12 are provided, but two electrode pairs 12 may
be provided. There may also be one electrode pair 12.
10039] The lowest electrode 13 is displaced downstream
from the downstream electrode 22 in the most downstream
electrode pair 12 on one surface of the dielectric layer 11.
The lowest electrode 13 is electrically coupled to the downstream electrode 22 in the most downstream electrode pair
12 so as to have the same potential as the downstream
electrode 22. In the specific example illustrated in FIG. 1,
the lowest electrode 13 is made of copper tape.
10040] As illustrated in FIG. 2, the voltage application
means 14 includes an AC power supply/pulse power supply
23, a DC power supply 24, a high-pass filter 25, and a
low-pass filter 26. The AC power supply/pulse power supply
23 and the DC power supply 24 are coupled to each
electrode pair 12. The high-pass filter 25 is disposed
between the AC power supply/pulse power supply 23 and
each electrode pair 12 such that the AC power supply/pulse
power supply 23 is not damaged by voltage output from the
DC power supply 24. The low-pass filter 26 is disposed
between the DC power supply 24 and each electrode pair 12
such that the DC power supply 24 is not damaged by voltage
output from the AC power supply/pulse power supply 23.
With this configuration, the voltage application means 14
can apply voltage obtained by superimposing AC voltage or
repeated pulse voltage with DC voltage to each electrode
pair 12.
10041] The voltage application means 14 is configured to
apply voltage to either of the upstream electrode 21 and the
downstream electrode 22 of each electrode pair 12 and
ground the other of the upstream electrode 21 and the
downstream electrode 22 such that the polarity of the
applied voltage is inverted at adjacent electrode pairs 12. In
other words, the voltage application means 14 may be
configured to apply voltage to the upstream electrode 21 in
an odd-numbered electrode pair 12 from the upstream side
and to the downstream electrode 22 in an even-numbered
electrode pair 12 from the upstream side, and ground the
downstream electrode 22 in an odd-numbered electrode pair
12 from the upstream side and the upstream electrode 21 in
an even-numbered electrode pair 12 from the upstream side.
Alternatively, the voltage application means 14 may be
configured to apply voltage to the downstream electrode 22
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in an odd-numbered electrode pair 12 from the upstream
side and the upstream electrode 21 in an even-numbered
electrode pair 12 from the upstream side, and ground the
upstream electrode 21 in an odd-numbered electrode pair 12
from the upstream side and the downstream electrode 22 in
an even-numbered electrode pair 12 from the upstream side.
10042] In the specific example illustrated in FIG. 1, the
voltage application means 14 is configured to electrically
couple and apply voltage to the upstream electrode 21 in the
first electrode pair 12 from the upstream side and the
downstream electrode 22 in the second electrode pair 12
from the upstream side, and ground the downstream electrode 22 in the first electrode pair 12 from the upstream side
and the upstream electrode 21 in the second electrode pair 12
from the upstream side. With this confguration, voltage can
also be applied to the lowest electrode 13.
10043]

Next, effects will be described.

10044] First, the plasma actuator 10 generates discharge
plasma between the upstream electrode 21 and the downstream electrode 22 of each electrode pair 12 through the
voltage application means 14 applying voltage obtained by
superimposing AC voltage or repeated pulse voltage with
DC voltage. With this, as illustrated in FIG. 1, plasma is
formed between upstream electrodes 21 in adjacent electrode pairs 12 on one surface of the dielectric layer 11 and
in a discharge region A between the upstream electrode 21
and the lowest electrode 13 of the most downstream electrode pair 12. Further, upstream to downstream airflow
(arrow in FIG. 1) can be induced.
10045] At this time, the plasma actuator 10 is configured
such that the polarity of voltage applied by the voltage
application means 14 is inverted at adjacent electrode pairs
12. Thus, among the adjacent electrode pairs 12, the potential at the downstream electrode 22 in an electrode pair 12
on the upstream side and the potential of the upstream
electrode 21 in an electrode pair 12 on the downstream side
can be made constantly equal. Further, because the lowest
electrode 13 is disposed so as to have the same potential as
the downstream electrode 22 in the most downstream electrode pair 12, the potential of the lowest electrode 13 and the
potential of the downstream electrode 22 in the most downstream electrode pair 12 can be made constantly equal. As a
result, discharge can be prevented from occurring between
these electrodes and airflow in the direction opposite to that
induced at each electrode pair 12 can be prevented.
10046] The plasma actuator 10 is configured such that the
polarity of voltage applied by the voltage application means
14 is inverted at adjacent electrode pairs 12. Thus, charge on
one surface of the dielectric layer 11 deposited by discharge
generated at each electrode pair 12 can be removed by the
upstream electrode 21 in adjacent electrode pairs 12 on the
downstream side. Further, the lowest electrode 13 is disposed so as to have the same potential as the downstream
electrode 22 in the most downstream electrode pair 12. Thus,
charge on one surface of the dielectric layer 11 deposited by
discharge generated by the most downstream electrode pair
12 can be removed by the lowest electrode 13. Because of
this, the charge on one surface of the dielectric layer 11
deposited by discharge generated at each electrode pair 12
can be prevented from impeding the flow induced at each
electrode pair 12. As a result, induced flow can be accelerated upstream to downstream. Further, increasing the number of electrode pairs 12 can increase electrohydrodynamic

US 2020/0221565 Al

force, which accelerate airflow. Thus, the plasma actuator 10
can control airflow and provide an increased effect of
controlling airflow.
10047] The plasma actuator 10 uses the voltage application
means 14 to apply voltage obtained by superimposing AC
voltage or repeated pulse voltage with DC voltage, and
hence charge particles of discharge plasma generated by the
AC voltage or repeated pulse voltage can be accelerated
using the DC voltage. As a result, induced airflow can be
further accelerated and an increased effect of controlling
airflow can be achieved.
10048] As reported in Non-patent Document 3, arranging
a plurality of conventional plasma actuators in a row results
in adjacent plasma actuators weakening electrohydrodynamic force and performance. In contrast, increasing the
number of electrode pairs 12 in the plasma actuator 10
increases electrohydrodynamic force and greatly improves
performance.
10049] Increasing the number of electrode pairs 12 in the
plasma actuator 10 provides the same effect as in the prior
art, even if reducing voltage applied by the voltage application means 14. As a result, there is no need for a highvoltage device or similar device, the voltage application
means 14 can be made smaller, and the plasma actuator 10
can be configured as a small, light and inexpensive device.
10050] As illustrated in FIGS. 3 and 4, in the plasma
actuator 10, the upstream electrode 21 and the lowest
electrode 13 may be divided into a pair of separated electrodes 31a, 31b each disposed along a predetermined direction and the separated electrodes 31a, 31b in each pair on the
upstream side or the downstream side may be coupled with
a resistor 32. In this case, the resistor 32 can limit the current
that flows through the separated electrodes 31a, 31b in each
pair on the upstream side or the downstream side. With this
configuration, the electric field formed between upstream
electrodes 21 of adjacent electrode pairs 12 can be weakened
and transition to arc discharge can be prevented even when
the applied voltage is high or the interval between upstream
electrodes 21 of adjacent electrode pairs 12 is small. The
configuration illustrated in FIG. 3 is an example where three
or more electrode pairs 12 are provided and the configuration illustrated in FIG. 4 is an example where three electrode
pairs 12 are provided. However, only one electrode pair 12
may be provided, or two electrode pairs 12 may be provided.
In a configuration where one electrode pair 12 is provided,
the plasma actuator 10 is preferably configured such that the
upstream electrode 21 is divided into the pair of separated
electrodes 31a, 31b.
EXAMPLE 1
10051] As illustrated in FIGS. SA and SB, a performance
evaluation test was performed by operating plasma actuators
10 having a different number of electrode pairs 12 in a
stationary gas. In the test, polyimide tape with a thickness of
320 im (four layers of 80 im polyimide tape stacked on top
of each other) was used as the dielectric layer 11. Each
upstream electrode 21 and the lowest electrode 13 had a
width of 10mm and were separated at an interval of 12 mm.
In each downstream electrode 22, a region in which the
upstream electrodes 21 on both sides and the lowest electrode 13 overlap was 0.2 mm. A pitot tube was used to
measure downstream induced flow velocity in the plasma
actuator 10. Flow velocity was measured at a position 2 mm
from one surface of the dielectric layer 11 at a position
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(position indicated by the arrow in FIG. SB) separated from
a downstream edge of the upstream electrode 21 in the most
downstream electrode pair by 23 mm on the downstream
side along the one surface of the dielectric layer 11.
10052] As illustrated in FIG. SB, tests were carried out
with a plasma actuator 10 having one electrode pair 12 (case
2), a plasma actuator 10 having two electrode pairs 12 (case
3), and a plasma actuator 10 having three electrode pairs 12
(case 4). Each of the upstream electrodes 21 and the lowest
electrode 13 were divided into the separated electrodes 31a,
31b and each plasma actuator 10 was coupled to the resistor
32. As comparative examples, tests were also carried out
with a plasma actuator 10 in the prior art having one
electrode pair and not including the lowest electrode 13
(case 1). In order to test under the same conditions, a plasma
actuator 10 in which the electrode on the upstream side was
divided into the separated electrodes and coupled to a
resistor was used for the comparative examples.
10053] The results of the performance evaluation test are
shown in FIG. SA. As illustrated in FIG. SA, it was found
that induced flow velocity (velocity) increased in line with
an increase in DC voltage (VDC) in all cases 1 to 4. When
comparing case 1 and case 2, it was evident that adding the
lowest electrode 13 increased induced flow velocity. These
results indicate that performance of the plasma actuator 10
increases when charge is prevented from accumulating on
the downstream side of the electrode pair 12. The phenomenon reported in Non-patent Document 3 where adjacent
electrode pairs 12 weaken mutual performance was not seen,
and it was found that increasing the number of electrode
pairs 12 actually enhanced mutual performance and
increased induced flow velocity. Focusing on DC voltage at
8 kV, case 3 showed flow velocity approximately 1.3 times
that in case 2, and case 4 showed flow velocity approximately 2 times that in case 2.
Modification Example of Voltage Application Means
10054] As illustrated in FIG. 6, the voltage application
means 14 in the plasma actuator 10 may be confgured to
include the DC power supply 24, a first switch 33 and a
second switch 34, electrically couple either of the upstream
electrode 21 or the downstream electrode 22 in each electrode pair 12 to the DC voltage 24 using the first switch 33
and ground that electrode using the second switch 34 such
that the polarity of the applied voltage is inverted at adjacent
electrode pairs 12, and ground the other of the upstream
electrode 21 or the downstream electrode 22 in each electrode pair 12. The voltage application means 14 may further
be configured to repeat an operation of turning on the first
switch 33 and turning off the second switch 34 and turning
off the first switch 33 and turning on the second switch 34.
Even with such a configuration, the voltage obtained by
superimposing repeated pulse voltage with DC voltage can
be applied to each electrode pair 12. The first switch 33 and
the second switch 34 may consist of a semiconductor
element such as a MOSFET or an IGBT. In the example
illustrated in FIG. 6, three or more electrode pairs 12 are
provided, but one electrode pair 12 or two electrode pairs 12
may be provided.
EXAMPLE 2
10055] A performance evaluation test was performed in a
in a stationary gas using the plasma actuator 10 illustrated in
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FIG. 6. In this test, polyimide tape with a thickness of 50 im
was used as the dielectric layer 11. The plasma actuator 10
included eight electrode pairs 12 and each upstream electrode 21 and the lowest electrode 13 had a width of 1.5 mm
and were separated at an interval of 2.5 mm. In each
downstream electrode 22, a region in which the upstream
electrodes 21 on both sides and the lowest electrode 13
overlap was 0.2 mm. A SiC-MOSFET ("C2M100017OD"
manufactured by Wolfspeed) was used for the first switch 33
and the second switch 34. Resistance of 10Q was inserted
between the DC voltage 24 and the first switch 33 to adjust
the rise time of the pulse voltage.
10056] In the test, voltage applied by the voltage application means 14 was measured using a high-voltage probe
("PHV4002-3" manufactured by PMK) and the current
flowing through each electrode pair 12 at that time was
measured using a Rogowski coil ("model 2877" manufactured by Pearson). Voltage and current waveforms were
obtained using a digital oscilloscope.
10057] Voltage and current waveforms obtained when the
plasma actuator 10 was driven while DC power supply 24
voltage was 1200 V are shown in FIG. 7. As illustrated in
FIG. 7, before a time t=0 ts, the first switch 33 is on and the
second switch 34 is off. At t=0 ts, the first switch 33 is
turned off and the second switch 34 is turned on. As a result,
voltage instantaneously drops to 0 V. Then, the first switch
33 is again turned on and the second switch 34 is again
turned off. The first switch 33 is turned on approximately 1
ts after the second switch 34 is turned off because a large
current may flow from the DC power supply 24 when these
two switches are simultaneously turned on. It was found that
the current value reached a negative peak (approximately —6
A) and negative-polarity discharge occurred at the stage at
which voltage dropped. At the stage where voltage
increased, it was found that the current value reached a
positive peak (approximately 2 A) and positive-polarity
discharge occurred. From these results, it can be said that
voltage obtained by superimposing pulse voltage with DC
voltage can also be applied with the voltage application
means 14 illustrated in FIG. 6.
10058] Next, the plasma actuator 10 was driven when
frequency of the repeated pulse voltage was 50kHz and 100
kHz, and when the DV voltage was 1200 V and 1500 V.
Profiles in the y-direction (direction perpendicular to the
surface of the dielectric layer 11) of the velocity of induced
flow in the x-direction (direction along the surface of the
dielectric layer 11) were obtained and are shown in FIGS.
8A and 8B. FIGS. 8A and 8B show a profile at a position
downstream of the lowest electrode 13 by 1 mm. As illustrated in FIGS. 8A and 8B, it was found that flow at a
velocity of 1 m/s or greater was induced when the DC
voltage was 1200 V and 1500 V. In particular, the maximum
velocity of induced flow was 2 mIs when DC voltage was
1500 V and the frequency of the repeated pulse voltage was
100 kHz and a velocity approximately equal to that of the
plasma actuator in the prior art applied with voltage of 10 kV
or greater was obtained. Thus, it is conceivable that the
plasma actuator 10 achieves control effects with an applied
voltage of 1500 V similar to that when voltage of 10 kV or
greater is applied, as in the prior art. As a result, the voltage
application means 14 in the plasma actuator 10 can be made
smaller than in the prior art and the plasma actuator 10 can
be configured as a smaller, lighter and more inexpensive
device.
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10059] As illustrated in FIG. 9, the plasma actuator 10 may
be configured such that the voltage application means 14
includes the DC power supply 24, the first switch 33, the
second switch 34, a third switch 35 and a fourth switch 36,
and either of the upstream electrode 21 or the downstream
electrode 22 in each electrode pair 12 is electrically coupled
to the DC power supply 24 via the first switch 33 and
grounded via the second switch 34 such that the polarity of
applied voltage is inverted at adjacent electrode pairs 12.
Further, the plasma actuator 10 may be configured such that
the other of the upstream electrode 21 and the downstream
electrode 22 in each electrode pair 12 is electrically coupled
to the DC power supply 24 via the third switch 35 and
grounded via the fourth switch 36, and that an operation in
which the first switch 33 and the fourth switch 36 are turned
on and the second switch 34 and the third switch 35 are
turned off, and the first switch 33 and the fourth switch 36
are turned off and the second switch 34 and the third switch
35 are turned on is repeated. Even with such a confguration,
voltage obtained by superimposing repeated pulse voltage
with DC voltage can be applied to each electrode pair 12.
Further, when the pulse voltage is applied, the difference in
potential between the upstream electrode 21 and the downstream electrode 22 of each electrode pair 12 can be made
larger and the amount of generated plasma can be increased.
As a result, a larger flow can be induced. In the example
illustrated in FIG. 9, three or more electrode pairs 12 are
provided, but one electrode pair 12 or two electrode pairs 12
may be provided.
INDUSTRIAL APPLICABILITY
10060] The plasma actuator according to the present
invention can be used to control flow around wings of an
aircraft, blades of a wind turbine, or blades of a gas turbine,
for example. The plasma actuator according to the present
invention is a smaller, lighter and more inexpensive device
than devices in the prior art, and hence the space required to
implement active airflow control technology using a plasma
actuator can be reduced and industrial application on a larger
scale can be promoted.
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10: Plasma actuator
11: Dielectric layer
12: Electrode pair
21: Upstream electrode
22: Downstream electrode
13: Lowest electrode
14: Voltage application means
23: AC power supply/pulse power supply
24: DC power supply
25: High-pass filter
26: Low-pass filter
31a, 31b: Separated electrode
32: Resistor
33: First switch
34: Second switch
35: Third switch
36: Fourth switch
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1. A plasma actuator comprising:
a dielectric layer;
a plurality of electrode pairs disposed on the dielectric
layer upstream to downstream in a predetermined
direction along one surface of the dielectric layer;
a lowest electrode disposed on the dielectric layer on a
downstream side of each of the plurality of electrode
pairs; and
voltage application means configured to apply voltage
including AC voltage or repeated pulse voltage to each
of the plurality of electrode pairs,
each of the plurality of electrode pairs including:
an upstream electrode disposed closer to one surface of
the dielectric layer; and
a downstream electrode disposed closer to another
surface of the dielectric layer and displaced downstream from the upstream electrode so as to sandwich the dielectric layer between the upstream electrode,
wherein, in adjacent electrode pairs, the upstream electrode of the downstream electrode pair is displaced
downstream from the downstream electrode of the
upstream electrode pair,
wherein the lowest electrode is disposed closer to the one
surface of the dielectric layer and displaced downstream from the downstream electrode in a most downstream electrode pair so as to have the same potential
as the downstream electrode in the most downstream
electrode pair, and
wherein the voltage application means is configured to
apply the voltage such that polarity of the applied
voltage is inverted at adjacent electrode pairs.
2. The plasma actuator according to claim 1, wherein the
voltage application means is configured to, when applying
the voltage to either of the upstream electrode or the
downstream electrode in each of the plurality of electrode
pairs, ground the other of the upstream electrode or the
downstream electrode in each of the plurality of electrode
pairs.
3. The plasma actuator according to claim 1, wherein the
voltage application means is configured to, when applying
the voltage between the upstream electrode of an oddnumbered electrode pair from the upstream side and the
downstream electrode of an even-numbered electrode pair
from the upstream side, ground the downstream electrode in
an odd-numbered electrode pair from the upstream side and
the upstream electrode in an even-numbered electrode pair
from the upstream side and/or confgured to, when applying
the voltage between the downstream electrode of an oddnumbered electrode pair from the upstream side and the
upstream electrode of an even-numbered electrode pair from
the upstream side, ground the upstream electrode in an
odd-numbered electrode pair from the upstream side and the
downstream electrode in an even-numbered electrode pair
from the upstream side.
4. The plasma actuator according to claim 1, wherein the
voltage is voltage obtained by superimposing the AC voltage
or the repeated pulse voltage with DC voltage.

5. The plasma actuator according to claim 4, wherein:
the voltage application means includes a DC power
supply, a first switch, and a second switch; and
the voltage application means is configured such that
either of the upstream electrode and the downstream
electrode in each of the electrode pairs is electrically
coupled to the DC power supply via the first switch and
grounded via the second switch, the other of the
upstream electrode and the downstream electrode in
each of the electrode pairs is grounded, and an operation in which the first switch is turned on and the
second switch is turned off, and the first switch is
turned off and the second switch is turned on is
repeated.
6. The plasma actuator according to claim 4, wherein:
the voltage application means includes a DC power
supply, a first switch, a second switch, a third switch,
and a fourth switch; and
the voltage application means is configured such that
either of the upstream electrode and the downstream
electrode in each of the electrode pairs is electrically
coupled to the DC power supply via the first switch and
grounded via the second switch, the other of the
upstream electrode and the downstream electrode in
each of the electrode pairs is electrically coupled to the
DC power supply via the third switch and grounded via
the fourth switch, and an operation in which the first
switch and the fourth switch are turned on and the
second switch and the third switch are turned off, and
the first switch and the fourth switch are turned off and
the second switch and the third switch are turned on is
repeated.
7. A plasma actuator comprising:
a dielectric layer;
an upstream electrode disposed closer to one surface of
the dielectric layer;
a downstream electrode disposed closer to another surface
of the dielectric layer and displaced downstream from
the upstream electrode so as to sandwich the dielectric
layer between the upstream electrode;
a lowest electrode disposed closer to the one surface of the
dielectric layer and displaced downstream from the
downstream electrode so as to have the same potential
as the downstream electrode; and
voltage application means configured to apply voltage
including AC voltage or repeated pulse voltage to either
of the upstream electrode and the downstream electrode
and, when the voltage is applied to one of the upstream
electrode and the downstream electrode, ground the
other of the upstream electrode and the downstream
electrode.
8. The plasma actuator according to claim 1, wherein:
the upstream electrode and the lowest electrode are
divided into a pair of separated electrodes aligned in the
predetermined direction; and
a separated electrode on an upstream side or a downstream side in each pair of separated electrodes is
coupled to a resistor.
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