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A plasma generation apparatus includes a flow path tube
through which a liquid flows and which includes a concave
portion and/or a convex portion on an internal wall surface
thereof, a liquid feed device, a first electrode, a second elec-
trode, a power source, and a control circuit which controls the
liquid feed device and the power source. The concave portion
and/or the convex portion causes, when the liquid flows there-
through, a pressure difference to be generated between at
least part of the inside of the flow path tube and the external
space, allowing a gas to be introduced into the liquid from the
external space through a gas introduction path. The power
source applies a predetermined voltage between the first elec-
trode and the second electrode in a state in which a bubble
containing the gas is generated in the liquid.
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PLASMA GENERATION APPARATUS

BACKGROUND
[0001] 1. Technical Field
[0002] The present disclosure relates to a plasma genera-

tion apparatus and a plasma generation method.

[0003] 2. Description of the Related Art

[0004] Conventionally, a technique of utilizing plasma for
purification or sterilization of a liquid or a gas has been
studied. For example, a sterilizer which generates active spe-
cies such as OH radicals by plasma so as to kill microorgan-
isms and bacteria by the generated active species is disclosed
in the specification of Japanese Unexamined Patent Applica-
tion Publication No. 2009-255027.

[0005] The sterilizer disclosed in Japanese Unexamined
Patent Application Publication No. 2009-255027 includes a
pair of electrodes, to which a negative high-voltage pulse is
applied so as to discharge. In this case, a voltage of the
negative high-voltage pulse is 2 kV/cm to 50 kV/cm and a
frequency thereof is 100 Hz to 20 kHz. The discharge causes
vaporization of water with shock waves so as to generate
bubbles made of water vapor, and then generates plasma in
the bubbles.

SUMMARY

[0006] One non-limiting and exemplary embodiment pro-
vides a plasma generation apparatus and a plasma generation
method which enables efficient generation of plasma.

[0007] Inone general aspect, the techniques disclosed here
feature a plasma generation apparatus, which includes a flow
path tube through which a liquid flows, the flow path tube
including at least one of a concave portion and a convex
portion whichis located on an internal wall surface of the flow
path tube, an inside ofthe flow path tube communicating with
an external space of the flow path tube through a gas intro-
duction path, a liquid feed device which flows the liquid into
the flow path tube, a first electrode at least part of which is
located in the inside of the flow path tube; a second electrode
at least part of which is located in the inside of the flow path
tube, a power source which applies a predetermined voltage
between the first electrode and the second electrode, and a
control circuit which makes the liquid feed device flow the
liquid into the flow path tube, and makes the power source
apply a predetermined voltage between the first electrode and
the second electrode, wherein the at least one of the concave
portion and the convex portion causes, when the liquid flows
therethrough, a pressure difference to be generated between
at least part of the inside of the flow path tube and the external
space of the flow path tube, allowing a gas to be introduced
into the liquid from the external space through the gas intro-
duction path, and wherein the power source applies the pre-
determined voltage between the first electrode and the second
electrode in a state in which a bubble containing the gas is
generated in the liquid.

[0008] It should be noted that comprehensive or specific
embodiments may be implemented as a system, a method, an
integrated circuit, a computer program, a storage medium, or
any selective combination thereof.

[0009] Additional benefits and advantages of the disclosed
embodiments will become apparent from the specification
and drawings. The benefits and/or advantages may be indi-
vidually obtained by the various embodiments and features of
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the specification and drawings, which need not all be pro-
vided in order to obtain one or more of such benefits and/or
advantages.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 illustrates the configuration of a plasma gen-
eration apparatus according to a first embodiment;

[0011] FIG. 2 is a perspective view illustrating the configu-
ration of a part of a first electrode and a part of an insulator
according to the first embodiment;

[0012] FIG. 3A illustrates a first modified example of a
shape of a flow path tube according to the first embodiment;
[0013] FIG.3Biillustrates a second modified example of the
shape of the flow path tube according to the first embodiment;
[0014] FIG. 3C illustrates a third modified example of the
shape of the flow path tube according to the first embodiment;
[0015] FIG. 4 is a flowchart illustrating an operation of the
plasma generation apparatus according to the first embodi-
ment;

[0016] FIG. 5 illustrates the configuration of a plasma gen-
eration apparatus according to a second embodiment; and
[0017] FIG. 6 is a perspective view illustrating the configu-
ration of a part of a first electrode and a part of an insulator
according to the second embodiment.

DETAILED DESCRIPTION

Overview of Embodiments

[0018] A plasma generation apparatus according to a first
aspect of the present disclosure includes a flow path tube
through which a liquid flows, the flow path tube including at
least one of a concave portion or a convex portion which is
located on an internal wall surface of the flow path tube, an
inside of the flow path tube communicating with an external
space of the flow path tube through a gas introduction path, a
liquid feed device which flows the liquid into the flow path
tube, a first electrode at least part of which is located in the
inside of the flow path tube, and a second electrode at least
part of which is located in the inside of the flow path tube, a
power source which applies a predetermined voltage between
the first electrode and the second electrode, and a control
circuit which makes the liquid feed device flow the liquid into
the flow path tube, and makes the power source apply a
predetermined voltage between the first electrode and the
second electrode, wherein the at least one of the concave
portion and the convex portion causes, when the liquid flows
therethrough, a pressure difference to be generated between
at least part of the inside of the flow path tube and the external
space of the flow path tube, allowing a gas to be introduced
into the liquid from the external space through the gas intro-
duction path, and the power source applies the predetermined
voltage between the first electrode and the second electrode in
a state in which a bubble containing the gas is generated in the
liquid.

[0019] With this configuration, the gas can be drawn from
the external space into the inside of the flow path tube by
utilizing the pressure difference between at least part of the
inside of the flow path tube and the external space without
using a gas feed device such as a pump. Thus, plasma can be
efficiently generated in the gas which is supplied to the inside
of the flow path.

[0020] In addition, the liquid which flows through the flow
path tube can be swirled by the concave portion and/or the
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convex portion without complex configuration such as a fan
for swirling the liquid. Consequently, power saving and/or
downsizing can be realized.

[0021] Further, for example, the concave portion may be
recessed more than a peripheral portion on the internal wall
surface of the flow path tube both in a first section orthogonal
to a flowing direction in which the liquid flows inside the flow
path tube and in a second section parallel to the flowing
direction, and the convex portion may be protruded more than
the peripheral portion both in the first section and in the
second section.

[0022] The plasma generation apparatus may further
include, for example, an insulator which is located to sur-
round the first electrode with a gap therebetween, the insula-
tor having an opening through which the gap and the inside of
the flow path tube communicate with each other, wherein the
gas introduction path may include the gap and the opening.
[0023] With this configuration, the gap produced between
the first electrode and the insulator which covers the first
electrode can be utilized for the gas introduction path, so that
the introduced gas can more easily cover the first electrode.
Accordingly, a voltage can be more easily applied in a state in
which the gas covers the first electrode. Consequently, power
can be efficiently used for plasma generation, and accord-
ingly plasma can be efficiently generated.

[0024] The plasma generation apparatus may further
include, for example, the first electrode may be a tubular
electrode having a hollow which extends in a longitudinal
direction, and the gas introduction path may include the hol-
low.

[0025] With this configuration, the hollow which extends
the first electrode can be utilized for the gas introduction path,
so that the introduced gas can more easily cover the first
electrode. Accordingly, a voltage can be more easily applied
in a state in which the gas covers the first electrode. Conse-
quently, power can be efficiently used for plasma generation,
and accordingly plasma can be efficiently generated.

[0026] A plasma generation apparatus according to a sec-
ond aspect of the present disclosure includes a flow path tube
through which a liquid flows, an inside of the flow path tube
communicating with an external space of the flow path tube
through a gas introduction path, a liquid feed device which
generates a swirling flow of the liquid in the inside of the flow
path tube, a first electrode at least part of which is located in
the inside of the flow path tube, and a second electrode at least
part of which is located in the inside of the flow path tube, a
power source which applies a predetermined voltage between
the first electrode and the second electrode, and a control
circuit which makes the liquid feed device generate the swirl-
ing flow of the liquid in the inside of the flow path tube, and
makes the power source apply a predetermined voltage
between the first electrode and the second electrode, wherein
the swirling flow of the liquid causes a pressure difference to
be generated between at least part of the inside of the flow
path tube and the external space of the flow path tube, allow-
ing a gas to be introduced into the liquid from the external
space through the gas introduction path, and the power source
applies the predetermined voltage between the first electrode
and the second electrode in a state in which a bubble contain-
ing the gas is generated in the liquid.

[0027] With this configuration, the gas can be drawn from
the external space into the inside of the flow path tube by
utilizing the pressure difference between at least part of the
inside of the flow path tube and the external space without
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using a gas feed device such as a pump. Thus, plasma can be
efficiently generated in the gas which is supplied to the inside
of the flow path.

[0028] Further, for example, the at least part of the first
electrode may have a region which is covered with the bubble.
[0029] Accordingly, plasma can be efficiently generated in
a bubble made of the gas which is introduced to the inside of
the flow path tube.

[0030] A plasma generation method according to a third
aspect of the present disclosure includes (A) flowing a liquid
into an inside of a flow path tube while swirling the liquid, to
cause a pressure difference to be generated between at least
part of an inside of the flow path tube and an external space of
the flow path tube, allowing a gas to be introduced into the
liquid from the external space through a gas introduction
path, and (B) applying a predetermined voltage between a
first electrode and a second electrode, in which a state in
which a bubble containing the gas is generated in the liquid.
[0031] By this method, the gas can be drawn from the
external space into the inside of the flow path tube by utilizing
the pressure difference between at least part of the inside of
the flow path tube and the external space without using a gas
feed device such as a pump. Thus, plasma can be efficiently
generated in the gas which is supplied to the inside of the flow
path tube. Consequently, power which has been used for
generation of a gas generated through vaporization of a liquid
in related art can be utilized for generation of plasma, so that
power saving can be realized.

[0032] Embodiments will be specifically described below
with reference to the accompanying drawings.

[0033] Here, each of the embodiments described below
represents a comprehensive or specific example. Numerical
numbers, shapes, materials, constituent elements, arranging
positions and connecting configurations of constituent ele-
ments, steps, and an order of steps which are described in the
following embodiments are examples and do not limit the
present disclosure. Further, among constituent elements in
the following embodiments, constituent elements which are
not described in independent claims which represent the pri-
mary concept are explained as arbitrary constituent elements.

First Embodiment

[1. Configuration]

[0034] The description of a plasma generation apparatus
according to a first embodiment is first provided with refer-
enceto FIG. 1. FIG. 1 illustrates the configuration of a plasma
generation apparatus 10 according to the present embodi-
ment. Here, FIG. 1 shows a section of the configuration of the
plasma generation apparatus 10 except for a power source 80
and a control circuit 90.

[0035] The plasma generation apparatus 10 according to
the present embodiment is an in-liquid plasma generation
apparatus which generates plasma 13 in a gas 12 which is
supplied into a liquid 11. The gas 12 supplied into the liquid
11 exists as bubbles in the liquid 11. Gas-liquid interfaces of
bubbles made of the gas 12 may be closed in the liquid 11 or
may communicate with an external space. Further, bubbles
made of the gas 12 include an air current in the liquid 11. The
air current is generated by continuously supplying the gas 12
to the liquid 11 by a predetermined volume of flow. Herein-
after, the gas 12 supplied into the liquid 11 is sometimes
referred to as bubbles collectively.
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[0036] The liquid 11 flows in the inside of a flow path tube
20 in a swirling manner. Here, in FIG. 1, the liquid 11 flows in
the upward direction of the plane of the drawing and a white
arrow represents swirling of the liquid 11.

[0037] The liquid 11 is water such as purified water and tap
water or a water solution, for example. The plasma generation
apparatus 10 generates the plasma 13 in the liquid 11 so as to
generate active species such as OH radicals in the liquid 11.
Accordingly, the liquid 11 can be sterilized. Alternatively,
another liquid or gas can be sterilized by using the liquid 11
containing active species. Here, the plasma-treated liquid 11,
which contains active species, can be used not only for ster-
ilization but also for other various purposes.

[0038] The plasma generation apparatus 10 of the present
embodiment does not include a gas supply device such as a
pump for supplying the gas 12. The gas 12 is introduced to the
flow path tube 20 from an external space 30 due to the swirl-
ing flow of the liquid 11 in the inside of the flow path tube 20.
In other words, flow of the liquid 11 is associated with intro-
duction of the gas 12. When the liquid 11 does not flow in a
swirling manner, the gas 12 is not introduced. That is, the gas
12 cannot be introduced independently of the flow of the
liquid 11.

[0039] The external space 30 is a space of the outside of the
flow path tube 20. The external space 30 has a gas. Specifi-
cally, the external space 30 is a space such as a room in which
the plasma generation apparatus 10 is disposed, for example.
In this case, the external space 30 is filled with air (atmo-
sphere) as the gas 12. The barometric pressure of the external
space 30 is the atmospheric pressure, for example.

[0040] When the gas 12 is air (atmosphere), the gas 12 is a
mixed gas containing nitrogen and oxygen as major ingredi-
ents. Alternatively, the gas 12 may be a single gas of oxygen,
nitrogen, or argon, or a mixed gas containing at least two of
oxygen, nitrogen, and argon. Foreign particles, such as a dust,
of'the gas 12 may be removed by a filter or the like in advance.
[0041] Asillustrated in FIG. 1, the plasma generation appa-
ratus 10 includes the flow path tube 20, a first electrode 40, a
second electrode 50, an insulator 60, a gas introduction path
70, the power source 80, and the control circuit 90. Each of the
constituent elements constituting the plasma generation
apparatus 10 according to the present embodiment will be
described in detail below.

[1-1. Flow Path Tube]

[0042] The flow path tube 20 is a piping, for example, and
forms a path through which the liquid 11 flows in a swirling
manner. In particular, the flow path tube 20 is composed of a
tubular member, examples of which include a pipe, a tube,
and a hose. For example, the flow path tube 20 is composed of
a pipe of which an internal diameter is 5 mm and a thickness
is 3 mm. The flow path tube 20 (e.g., piping) is made of aresin
material such as plastic, a metal material such as stainless, or
ceramic, for example. The flow path tube 20 may be coated by
paint so as to suppress formation of rust, for example.
[0043] The flow path tube 20 has an opening on a part of a
lateral face thereof so as to introduce a gas to the inside of the
flow path tube 20 from the outside. Further, the flow path tube
20 is provided with the gas introduction path 70 which per-
mits communication between the inside of the flow path tube
20 and the external space of the flow path tube 20, on the part
of'the opening. Details of the gas introduction path 70 will be
described later.
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[0044] Theflow path tube 20 has a concave portion 21 on an
internal wall surface which comes into contact with the liquid
11. The concave portion 21 is provided so as to swirl the liquid
11. The liquid 11 swirls due to the concave portion 21. In
particular, the liquid 11 enters the concave portion 21 and then
the flow of the liquid 11 is disturbed. Accordingly, the liquid
11 flows in a swirling manner.

[0045] The concave portion 21 is recessed more than the
other portions on the internal surface of the flow path tube 20
both in a section orthogonal to the direction in which the
liquid flows inside the flow path tube 20 and in a section
parallel to this direction. The concave portion 21 is formed by
planes to have a rectangular parallelepiped shape, for
example. The depth of the concave portion 21 is 2 mm, for
example. Here, the shape and the size of the concave portion
21 are not limited to those mentioned above. For example, the
concave portion 21 may be formed by curved surfaces. Fur-
ther, FIG. 1 illustrates an example in which the flow path tube
20 has only a single concave portion 21, but the configuration
is not limited to this. The flow path tube 20 may be provided
with a plurality of concave portions 21 and thus may allow the
liquid 11 to more easily swirl. An example in which the flow
path tube 20 is provided with a plurality of concave portions
will be described later.

[0046] Thus, the liquid 11 flows in a swirling manner due to
the concave portion 21 which is provided on the internal wall
surface of the flow path tube 20. That is, the liquid 11 forms
swirling flow. The flow speed of the liquid 11 is 0.6 liters per
minute, for example.

[0047] The swirling flow represents that the liquid 11 flows
in a manner to turn in a counterclockwise or clockwise direc-
tion centering on the direction in which the liquid 11 flows,
for example. That is, the liquid 11 flows while swirling about
the flowing direction. The swirling of the liquid 11 causes a
depressurized region 22 to be generated on the center of swirl.
In particular, the depressurized region 22 is generated on the
downstream side of the concave portion 21 along the central
axis of the flow path tube 20. Thus, the depressurized region
22 is generated in the inside of the flow path tube 20 when the
liquid 11 flows in the concave portion 21 of the flow path tube
20.

[1-2. First Electrode]

[0048] The first electrode 40 is one of a pair of electrodes
provided to the plasma generation apparatus 10. When a
predetermined voltage is applied between the first electrode
40 and the second electrode 50, the plasma 13 is generated in
bubbles made of the gas 12.

[0049] At least a part of the first electrode 40 is disposed in
the inside of the flow path tube 20. In the present embodiment,
the first electrode 40 is a rod-shaped electrode of which one
end portion is disposed in the inside of the flow path tube 20
and the other end portion is disposed in the external space 30,
via the opening provided on the lateral face of the flow path
tube 20. In particular, one end portion is disposed in the
depressurized region 22 which is generated in the inside of the
flow path tube 20.

[0050] The first electrode 40 is disposed on a position on
which at least a part of the first electrode 40 is covered with
bubbles made of the gas 12 which is introduced via the gas
introduction path 70 which will be described later. The power
source 80 which will be described later applies a predeter-
mined voltage between the first electrode 40 and the second
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electrode 50 in a state in which the first electrode 40 is covered
with the gas 12, and thus plasma can be efficiently generated.

[0051] As illustrated in FIG. 1, the first electrode 40
includes a metal electrode portion 41 and a metal holding
portion 42.

[0052] The metal electrode portion 41 is made of a rod-
shaped metal material, for example. Specifically, the metal
electrode portion 41 has a columnar body, as illustrated in
FIG. 2. FIG. 2 is a perspective view illustrating the configu-
ration of a part of the first electrode 40 and a part of the
insulator 60 according to the present embodiment. The diam-
eter of the metal electrode portion 41 is, for example, small
enough to realize reduction in size of the apparatus. For
example, the diameter of the metal electrode portion 41 is
equal to or smaller than 2 mm. In one instance, the diameter
of the metal electrode portion 41 is 0.95 mm.

[0053] The metal electrode portion 41 is surrounded by the
insulator 60. In this case, a gap 61 is formed between the
metal electrode portion 41 and the insulator 60.

[0054] The metal electrode portion 41 is disposed such that
one end portion (i.e., front edge) thereof comes into contact
with the liquid 11 and the other end portion (i.e., base) thereof
is pressed into the metal holding portion 42. Accordingly, the
metal electrode portion 41 is physically and electrically con-
nected with the metal holding portion 42. Here, the metal
electrode portion 41 is provided so that the metal electrode
portion 41 does not protrude outward from an opening portion
62 of the insulator 60.

[0055] The metal electrode portion 41 is used as a reaction
electrode, around which the plasma 13 is generated.

[0056] For the metal electrode portion 41, a conductive
metal material can be used. For example, a plasma resistant
metal material can be used. In particular, the metal electrode
portion 41 is made of tungsten. Here, for the metal electrode
portion 41, other plasma resistant metal materials may be
used. Alternatively, copper, aluminum, iron, or an alloy of
copper, aluminum, and iron may be used, though durability
may be degraded.

[0057] Further, yttrium oxide which has electrical resistiv-
ity of 1 to 30 Qcm due to addition of a conductive substance
may be sprayed with respect to a part of a surface of the metal
electrode portion 41. The spraying of yttrium oxide can elon-
gate a life of the electrode advantageously.

[0058] The metal holding portion 42 is a rod-shaped mem-
ber, for example. Specifically, the metal holding portion 42
has a columnar body. The diameter of the metal holding
portion 42 is larger than that of the metal electrode portion 41,
for example. In one instance, the diameter of the metal hold-
ing portion 42 is 3 mm.

[0059] The metal holding portion 42 is made of iron, for
example. The metal holding portion 42 may be made of
copper, zinc, aluminum, tin, or brass. The metal holding
portion 42 is electrically connected with the power source 80.

[0060] Here, a male screw may be provided on the outer
circumference of the metal holding portion 42. In this case,
the male screw of the metal holding portion 42 may be
threaded to a female screw which is provided to a holding
block (not illustrated), for example. Furthermore, the holding
block may be fixed to the insulator 60, for example. With this
configuration, a positional relation between the metal elec-
trode portion 41 and the insulator 60 can be changed by
adjusting the screws.
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[1-3. Second Electrode]

[0061] The second electrode 50 is the other electrode of a
pair of electrodes provided to the plasma generation appara-
tus 10. The second electrode 50 is a rod-shaped electrode, for
example. Specifically, the second electrode 50 has a columnar
body. The diameter of the second electrode 50 is, for example,
small enough to realize reduction in size of the apparatus. For
example, the diameter of the second electrode 50 is equal to or
smaller than 2 mm. In one instance, the diameter of the second
electrode 50 is 2 mm.

[0062] The second electrode 50 is disposed such that at
least a part thereof comes into contact with the liquid 11. In
particular, at least a part of the second electrode 50 is disposed
in the inside of the flow path tube 20. Specifically, the second
electrode 50 is disposed on the outer side with respect to the
insulator 60, in the inside of the flow path tube 20. In the
example illustrated in FIG. 1, the second electrode 50 is
disposed alongside of the first electrode 40 with the insulator
60 interposed therebetween. However, the configuration is
not limited to this. For example, the second electrode 50 may
be disposed such that a front edge of the second electrode 50
and a front edge of the first electrode 40 are opposed to each
other.

[0063] For the second electrode 50, a conductive metal
material can be used. The second electrode 50 is made of
tungsten, copper, aluminum, or iron, for example.

[0064] Here, the second electrode 50 may have a prismatic
body. Further, the second electrode 50 does not have to have
a columnar body, but the second electrode 50 may have a
tubular body or may be a flat plate. Furthermore, the second
electrode 50 may be a coiled electrode wound on the outer
circumference of the insulator 60. Furthermore, the second
electrode 50 may be fixed or detachably fixed on a wall
surface of the flow path tube 20.

[1-4. Insulator]

[0065] The insulator 60 is disposed to surround the first
electrode 40 with the gap 61 interposed therebetween. Spe-
cifically, the insulator 60 is disposed to surround the metal
electrode portion 41 of the first electrode 40 with the gap 61
provided between the insulator 60 and the metal electrode
portion 41, as illustrated in FIG. 1. Further, the insulator 60
has an opening portion 62 through which the inside of the
flow path tube 20 and the gap 61 communicate with each
other.

[0066] The insulator 60 has a hollow cylindrical body, for
example, as illustrated in FIG. 2. For example, the metal
electrode portion 41 is disposed in the hollow of the insulator
60 so that an axial direction of the metal electrode portion 41
and atube axis direction of the insulator 60 are parallel to each
other. Specifically, the insulator 60 and the metal electrode
portion 41 are disposed so that the axis of the metal electrode
portion 41 is accorded with the tube axis of the insulator 60.
With this arrangement, the gap 61 is provided along the whole
circumference of the metal electrode portion 41 and thus the
insulator 60 is not brought into contact with the metal elec-
trode portion 41.

[0067] The internal diameter of the insulator 60 is equal to
or smaller than 3 mm. Note that the diameter of the opening
portion 62 as illustrated in FIG. 2 is equal to the internal
diameter of the insulator 60. In one instance, the internal
diameter of the insulator 60 is 1.0 mm. The thickness of the
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insulator 60 is not especially limited, but the thickness is
equal to or larger than 0.2 mm, for example.

[0068] The insulator 60 is made of alumina ceramic, for
example. Alternatively, the insulator 60 may be made of mag-
nesia, quartz, or yttrium oxide.

[0069] The gap 61 is so-called a minute gap, or micro gap.
The gap length of the gap 61 is determined based on an
electron temperature and a reduced field of plasma and
medium density of a gas, for example. The gap length is equal
to or smaller than 0.5 mm, for example.

[0070] The opening portion 62 is positioned in the axial
direction of'the first electrode 40. That is, the opening portion
62 opposes to the front edge of the first electrode 40 in the
axial direction of the first electrode 40.

[0071] Inthis case, the front edge of the first electrode 40 is
disposed on a position which is retreated inward from the
opening portion 62. In other words, when the front end face of
the insulator 60, on which the opening portion 62 is provided,
is referred to as an opening face, the front edge of the metal
electrode portion 41 is retreated from this opening face. The
retreating distance is smaller than 7 mm, for example, and
desirably from 3 mm to 5 mm inclusive.

[0072] Here, the insulator 60 does not limitedly have the
cylindrical body, but the insulator 60 may have a polygonal
cylindrical body. Further, the insulator 60 may be fixed or
detachably fixed on the flow path tube 20.

[1-5. Gas Introduction Path]

[0073] The gasintroduction path 70 is a path through which
the inside of the flow path tube 20 and the external space 30
communicate with each other. The gas introduction path 70
allows the gas 12 to be introduced to the flow path tube 20 so
that bubbles made of the gas 12 cover at least a part of the first
electrode 40. The gas introduction path 70 is provided in a
manner to penetrate the lateral face of the flow path tube 20.
In the present embodiment, the gas introduction path 70 is
composed of the gap 61 and the opening portion 62.

[0074] A first end portion of the gas introduction path 70
corresponds to the opening portion 62, which is positioned in
the depressurized region 22 in the inside of the flow path tube
20. In particular, the opening portion 62 is disposed near the
central axis of the flow path tube 20. A second end portion of
the gas introduction path 70 corresponds to a region between
the metal electrode portion 41 and an end portion, which is
opposite to the end portion on which the opening portion 62 is
provided, of the insulator 60 (that is, an end portion of the gap
61). Thus, the second end portion of the gas introduction path
70 is positioned in the external space 30. The gas introduction
path 70 takes in a gas from the second end portion so as to
supply the gas from the opening portion 62 into the liquid 11.
[0075] In the present embodiment, the gas introduction
path 70 introduces the gas 12 from the external space 30 to the
depressurized region 22 by utilizing a pressure difference
between the depressurized region 22, which is generated in
the inside of the flow path tube 20 due to swirling of the liquid
11, and the external space 30. That is, the gas 12 is supplied
into the flow path tube 20 not by actively feeding the gas 12
from the external space 30 but by drawing the gas 12 from the
depressurized region 22.

[1-6. Power Source]

[0076] The power source 80 applies a predetermined volt-
age between the first electrode 40 and the second electrode
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50. Specifically, the power source 80 applies a pulse voltage
or an alternating-current voltage between the first electrode
40 and the second electrode 50.

[0077] For example, the predetermined voltage is a nega-
tive high-voltage pulse of which a voltage is 2 kV/cm to 50
kV/cm and a frequency is 1 Hz to 100 kHz. A voltage wave-
form may be any of a pulsed wave form, a sine half wave form,
and a sine wave form, for example. Further, a value of a
current flowing in a pair of electrodes is from 1 mAto 3 A, for
example. In particular, the power source 80 applies a pulse
voltage of which a peak voltage is 4 kV, a pulse width is 1 us,
and a frequency is 30 kHz. An input power from the power
source 80 is 200 W, for example.

[0078] When the power source 80 inputs power, a voltage is
applied between the first electrode 40 and the second elec-
trode 50. Accordingly, discharging occurs in the gap 61 and
thereby the plasma 13 is generated.

[1-7. Control Circuit]

[0079] The control circuit 90 is a micro computer or the like
in which a program is stored, for example. The control circuit
90 controls an operation of the plasma generation apparatus
10. Specifically, the control circuit 90 causes the power
source 80 to apply a voltage between the first electrode 40 and
the second electrode 50. The control circuit 90 controls on and
off of the power source 80, for example. Accordingly, the
control circuit 90 causes discharge to be generated in bubbles
made of the gas 12, thereby generating the plasma 13. At this
time, the bubbles are made of the gas 12 which is introduced
into the liquid 11 from the external space 30 via the gas
introduction path 70 due to the pressure difference between
the depressurized region 22 and the external space 30. In this
case, the depressurized region 22 is generated when the liquid
11 flows in the concave portion 21 of the flow path tube 20.
More specifically, the depressurized generated 22 is formed
when the liquid 11 swirls in the inside of the flow path tube 20
due to the concave portion 21.

[0080] Further, the control circuit 90 may control the flow
of the liquid 11 in the inside of the flow path tube 20. In the
present embodiment, a liquid feed device (not illustrated)
such as a pump for flowing the liquid 11 to the flow path tube
20 is provided. The control circuit 90 is capable of flowing the
liquid 11 into the inside of the flow path tube 20 by controlling
the liquid feed device.

[0081] Here, any liquid feed device may be used as long as
the liquid feed device has a function of flowing the liquid 11.
For example, the liquid feed device flows the liquid 11 at a
predetermined flow speed. In this case, the liquid feed device
may not have a function of swirling the liquid 11 but merely
has to have a function of discharging the liquid 11. The liquid
feed device may have a function of swirling the liquid 11.
That is, swirling of the liquid 11 may be generated not due to
the concave portion 21. In this case, the internal wall surface
of the flow path tube 20 may be a smooth surface without a
concave portion or a convex portion. Any method of swirling
the liquid 11 may be adopted. It is sufficient if a gas is
introduced into the liquid 11 by a pressure difference between
the depressurized region 22 which is generated due to swirl-
ing and the external space 30.

[2. Modification of Flow Path Tube]

[0082] Modified examples of the flow path tube 20 accord-
ing to the present embodiment are now described with refer-
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enceto FIGS.3Ato 3C. FIGS. 3A to 3Crespectively illustrate
modified examples of the shape of the flow path tube accord-
ing to the present embodiment.

[0083] A flow pathtube 20q illustrated in FIG. 3A has three
concave portions 21a. Each of the three concave portions 21a
is annularly formed along an internal surface of the flow path
tube 20a. Specifically, each of the three concave portions 21a
is an annular concave portion centering on the direction in
which the liquid 11 flows. As illustrated in FIG. 3A, each of
the three concave portions 21a has a rectangular section along
the direction in which the liquid 11 flows. Here, the shape of
the section is not limitedly rectangular but the section may be
formed by a smooth curved line.

[0084] Provision of a plurality of concave portions 21a
facilitates swirling of the liquid 11. Instead of a plurality of
annular concave portions 21a, a single spiral concave portion
21a may be provided along the internal surface of the flow
path tube 20a. The shape, the number, and the disposition of
concave portions 21a for forming swirling flow are not lim-
ited to those described above.

[0085] A flow path tube 205 illustrated in FIG. 3B has three
convex portions 215. Each of the three convex portions 215 is
annularly formed along an internal surface of the flow path
tube 205. Specifically, each of the three convex portions 215
is an annular convex portion centering on the direction in
which the liquid 11 flows. As illustrated in FIG. 3B, each of
the three convex portions 215 has a rectangular section along
the direction in which the liquid 11 flows. Here, the shape of
the section is not limitedly rectangular but the section may be
formed by a smooth curved line.

[0086] Provision of a plurality of convex portions 215
facilitates swirling of the liquid 11. Instead of a plurality of
annular convex portions 215, a spiral convex portion 215 may
be provided along the internal surface of the flow path tube
20b. Further, a single convex portion 216 may be provided in
a spiral fashion. The shape, the number, and the disposition of
convex portions 215 for forming swirling flow are not limited
to those described above. The convex portion 215 is a portion
which is protruded more than the other portions on the inter-
nal surface of the flow path tube 205 both in a section orthogo-
nal to the direction in which the liquid flows inside the flow
path tube 205 and in a section parallel to this direction.
[0087] For example, the flow path tube 20c¢ illustrated in
FIG. 3C has a convex portion 21¢ and a convex portion 21d.
Each of the convex portion 21¢ and the convex portion 21d is
annularly formed along an internal surface of the flow path
tube 20c. Specifically, each of the convex portion 21¢ and the
convex portion 21d is an annular convex portion centering on
the direction which intersects with the direction in which the
liquid 11 flows. More specifically, an axis of the convex
portion 21¢ provided on an upstream side of the liquid 11 and
an axis of the convex portion 21d provided on a downstream
side of the liquid 11 are slanted in mutually different direc-
tions with respect to the direction in which the liquid 11 flows.
For example, as illustrated in FIG. 3C, the axis of the convex
portion 21c¢ is slanted toward the metal electrode portion 41 of
the first electrode 40 and the axis of the convex portion 21d is
slanted to a direction opposite to the direction for the metal
electrode portion 41, with respect to the direction in which the
liquid 11 flows.

[0088] Thus, mutually-different slants of the axes of the
convex portion 21c¢ and the convex portion 21d facilitates
swirling of the liquid 11. For example, a turning force of
swirling can be enhanced, so that the depressurized region 22
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is more easily generated and therefore, the gas 12 is more
easily introduced. Accordingly, the plasma 13 can be effi-
ciently generated.

[0089] Here, the convex portion 215 or the convex portion
21c¢ may be formed separately from the flow path tube 205 or
the flow path tube 20c¢. For example, a cutout is formed on the
flow path tube 2056 or the flow path tube 20c¢ and then a
plate-like member is inserted from the cutout, being able to
form the convex portion 215 or the convex portion 21c.
[0090] Further, examples in which each of the flow path
tubes has merely concave portions or merely convex portions
are described in the examples illustrated in FIG. 1 and FIGS.
3A to 3C, but the configuration is not limited to this. In the
present embodiment, the flow path tube may have both of a
concave portion and a convex portion.

[3. Operation]

[0091] An operation of the plasma generation apparatus 10
according to the present embodiment is described with refer-
ence to FIG. 4. FIG. 4 is a flowchart illustrating the operation
of the plasma generation apparatus 10 according to the
present embodiment.

[0092] Asillustrated in FIG. 4, the liquid 11 is first flown to
the flow path tube 20 (S10). For example, a liquid feed device
such as a pump feeds the liquid 11 to the flow path tube 20 so
as to flow the liquid 11 in the flow path tube 20. When the
liquid 11 flows in the flow path tube 20, the flow of the liquid
11 is disturbed by the concave portion 21, making the liquid
11 swirl. Thus, the liquid 11 flows in the inside of the flow
path tube 20 in a swirling manner.

[0093] The gas 12 is introduced to the inside of the flow
path tube 20 due to the swirling of the liquid 11 (S20). Spe-
cifically, the liquid 11 swirls to generate the depressurized
region 22 at the center of the swirling. In other words, the
liquid 11 flows in the concave portion 21 of the flow path tube
20 to generate the depressurized region 22. One end portion
of the gas introduction path 70, e.g., the opening portion 62,
is disposed in the depressurized region 22, so that the gas 12
is introduced from the external space 30 via the gas introduc-
tion path 70.

[0094] Then, in a state in which bubbles made of the gas 12
are generated, the power source 80 applies a voltage between
the first electrode 40 and the second electrode 50 to generate
the plasma 13 in the gas 12 (S30).

[0095] Here, step S10 and step S30 may be performed in
parallel and step S30 may be performed ahead. However,
when a voltage is applied after the gas 12 is introduced by
flowing the liquid 11 while allowing the liquid 11 to swirl as
illustrated in FIG. 4, plasma can be more efficiently gener-
ated.

[4. Advantageous Effects]

[0096] As described above, the plasma generation appara-
tus 10 according to the present embodiment includes the flow
path tube 20 through which the liquid 11 flows, the flow path
tube 20 including at least one of the concave portion 21 and
the convex portion 215, which is located on the internal wall
surface of the flow path tube 20, the inside of the flow path
tube 20 communicating with the external space of the flow
path tube 20 through the gas introduction path 70, the liquid
feed device which flows the liquid 11 into the flow path tube
20, the first electrode 40 at least part of which is located in the
inside of the flow path tube 20, the second electrode 50 at least
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part of which is located in the inside of the flow path tube 20,
the power source 80 which applies a predetermined voltage
between the first electrode 40 and the second electrode 50,
and the control circuit 90 which makes the liquid feed device
flow the liquid into the flow path tube 20, and makes the
power source 80 apply a predetermined voltage between the
first electrode 40 and the second electrode 50. The at least one
of'the concave portion 21 and the convex portion 215 causes,
when the liquid flows therethrough, a pressure difference to
be generated between at least part of the inside of the flow
path tube 20 and the external space of the flow path tube 20,
allowing the gas 12 to be introduced into the liquid from the
external space through the gas introduction path 70. Specifi-
cally, the depressurized region 22 is generated when the lig-
uid 11 swirls in the inside of the flow path tube 20 due to the
concave portion 21 or the convex portion 215, thereby gen-
erating the pressure difference. The power source 80 applies
the predetermined voltage between the first electrode 40 and
the second electrode 50 in a state in which a bubble containing
the gas 12 is generated in the liquid.

[0097] Accordingly, the gas 12 can be supplied into the
liquid 11 in the inside of the flow path tube 20 without using
a gas feed device such as a pump, and then the plasma 13 can
be efficiently generated in the supplied gas 12. Consequently,
power which has been used for generation of a gas generated
through vaporization of a liquid in related art can be utilized
for generation of plasma, so that power saving or downsizing
can be realized.

Second Embodiment

[0098] A plasma generation apparatus according to a sec-
ond embodiment is described with reference to FIG. 5 and
FIG. 6.

[0099] FIG. 5illustrates the configuration of a plasma gen-
eration apparatus 110 according to the present embodiment.
FIG. 5 shows a section of the configuration of the plasma
generation apparatus 110 except for the power source 80 and
the control circuit 90.

[0100] The plasma generation apparatus 110 according to
the present embodiment is different from the plasma genera-
tion apparatus 10 illustrated in FIG. 1 in that the plasma
generation apparatus 110 is provided with a first electrode
140 and a gas introduction path 170 instead of the first elec-
trode 40 and the gas introduction path 70. Points different
from the first embodiment will be focused to be described
below.

[0101] The first electrode 140 is one of a pair of electrodes
provided to the plasma generation apparatus 110. When a
predetermined voltage is applied between the first electrode
140 and the second electrode 50, the plasma 13 is generated in
the gas 12. That is, the first electrode 140 is used as a reaction
electrode, around which the plasma 13 is generated.

[0102] The first electrode 140 is surrounded by the insula-
tor 60. In this case, the gap 61 is formed between the first
electrode 140 and the insulator 60.

[0103] Atleastapartofthefirst electrode 140 is disposed in
the inside of the flow path tube 20. In the present embodiment,
the first electrode 140 is a tubular electrode having a hollow
portion 141 which penetrates in the longitudinal direction.
One end portion is disposed in the inside of the flow path tube
20, and the other end portion is disposed in the external space
30. The first electrode 140 permits communication between
the external space 30 and the inside of the flow path tube 20
via the hollow portion 141. In particular, one end portion is
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disposed in the depressurized region 22 which is generated in
the inside of the flow path tube 20.

[0104] Asillustrated in FIG. 6, the first electrode 140 has a
hollow cylindrical body. FIG. 6 is a perspective view illus-
trating the configuration of a part of the first electrode 140 and
a part of the insulator 60 according to the present embodi-
ment. The external diameter of the first electrode 140 is, for
example, small enough to realize reduction in size of the
apparatus. For example, the external diameter of the first
electrode 140 is equal to or smaller than 2 mm. In one
instance, the external diameter of the first electrode 140 is 2
mm. Here, the first electrode 140 may be made of the same
material as that of the metal electrode portion 41 according to
the first embodiment.

[0105] The hollow portion 141 is a through hole which
penetrates the first electrode 140 in the axial direction. The
diameter of the hollow portion 141, i.e., the internal diameter
of'the first electrode 140, is equal to or smaller than 0.9 mm,
for example. In one instance, the diameter of the hollow
portion 141 is 0.3 mm. Here, in the hollow portion 141, one or
more through holes which penetrate a lateral face of the first
electrode 140 may be separately provided.

[0106] Here, the first electrode 140 may have a polygonal
hollow cylindrical body. Further, the sectional shape orthogo-
nal to the tube axis direction of the hollow portion 141 is not
limited to a circular shape but may be an oval shape, a rect-
angular shape, for example.

[0107] The gas introduction path 170 is a path through
which the inside of the flow path tube 20 and the external
space 30 communicate with each other. The gas introduction
path 170 allows the gas 12 to be introduced to the flow path
tube 20 so that the gas 12 covers at least a part of the first
electrode 140. In the present embodiment, the gas introduc-
tion path 170 is composed of the gap 61, the hollow portion
141, and the opening portion 62.

[0108] In the present embodiment, the opening portion 62
of the insulator 60 permits communication not only between
the gap 61 and the inside of the flow path tube 20 but also
between the hollow portion 141 and the inside of the flow path
tube 20.

[0109] A first end portion of the gas introduction path 170
corresponds to the opening portion 62, which is positioned in
the depressurized region 22 in the inside of the flow path tube
20. In particular, the opening portion 62 is disposed near the
central axis of the flow path tube 20. Further, A second end
portion of the gas introduction path 170 corresponds to an end
portion of the hollow portion 141, which is positioned in the
external space 30. The gas introduction path 170 takes in a gas
from the second end portion so as to supply the gas into the
liquid 11 from the opening portion 62.

[0110] In the present embodiment, the gas introduction
path 170 introduces the gas 12 from the external space 30 to
the depressurized region 22 by utilizing a pressure difference
between the depressurized region 22, which is generated in
the inside of the flow path tube 20 due to swirling of the liquid
11, and the external space 30, as is the case with the first
embodiment. The hollow portion 141 is also utilized for the
gas introduction path 170, so that more volumes of gas can be
taken in compared to the first embodiment.

[0111] As a modification, the first electrode 140 and the
insulator 60 may be in close contact with each other. That is,
the gap 61 does not have to be formed. In this case, the gas
introduction path 170 is composed of the hollow portion 141.
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[0112] As described above, in the plasma generation appa-
ratus 110 according to the present embodiment, the first elec-
trode 140 is a tubular electrode having the hollow portion 141
which penetrates in the longitudinal direction, thereby per-
mitting the communication between the external space 30 and
the inside of the flow path tube 20. The gas introduction path
170 is composed of the hollow portion 141 and the opening
portion 62.

[0113] Accordingly, since the hollow portion 141 which
penetrates the first electrode 140 can be utilized for the gas
introduction path 170, the gas 12 introduced more easily
covers the first electrode 140, so that a voltage can be more
easily applied in a state in which the gas 12 covers the first
electrode 140. Consequently, power can be efficiently used
for generation of the plasma 13, and thus the plasma 13 can be
efficiently generated.

Other Embodiments

[0114] The plasma generation apparatus and a plasma gen-
eration method according to a single or a plurality of aspects
have been described above based on the embodiments. How-
ever, the present disclosure is not limited to these embodi-
ments. Without departing from the intent of the present dis-
closure, embodiments which are obtained by applying
various kinds of modifications thought by those skilled in the
art and embodiments which are constituted by combining
constituent elements of different embodiments are also
included in the scope of the present disclosure.

[0115] For example, the liquid 11 is swirled by the concave
portion or the convex portion which is provided on the inter-
nal wall surface of the flow path tube 20 in the embodiments
described above, but the present disclosure is not limited to
this. For example, the internal wall surface of the flow path
tube 20 may be a smooth surface without concave or convex
portion. In this case, a liquid feed device provided to the flow
path tube 20 may swirl the liquid 11, for example. That is, any
methods for swirling the liquid 11 may be adopted.

[0116] Further, the gap 61 between the first electrode 40
and the insulator 60 is utilized for the gas introduction path 70
in the above-described embodiments, for example, but the
present disclosure is not limited to this. The gas introduction
path 70 may be composed of a tubular member such as a tube
which is provided separately from the first electrode 40 and
the insulator 60. For example, one opening of a tubular mem-
ber may be disposed in the vicinity of the first electrode 40
and in the depressurized region 22 so that a gas supplied from
the tubular member covers the first electrode 40.

[0117] Further, the plasma generation apparatus 10 only
has to include at least the first electrode 40, the second elec-
trode 50, and the gas introduction path 70, for example. Spe-
cifically, by disposing the first electrode 40, the second elec-
trode 50, and the gas introduction path 70 in an arbitrary flow
path tube, plasma can be generated in a liquid which flows in
the inside of the flow path tube in a swirling manner.

[0118] Further, various kinds of alterations, replacements,
additions, and omissions may be performed in each of the
above-described embodiments within the scope of the claims
and the equivalent scopes.

[0119] The present disclosure can be utilized as a plasma
generation apparatus which is capable of efficiently generat-
ing plasma. The present disclosure can be utilized for a ster-
ilizer, a water purification apparatus, and a material process-
ing apparatus, for example.
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[0120] While the present disclosure has been described
with respect to exemplary embodiments thereof, it will be
apparent to those skilled in the art that the disclosure may be
modified in numerous ways and may assume many embodi-
ments other than those specifically described above. Accord-
ingly, it is intended by the appended claims to cover all
modifications of the disclosure that fall within the true spirit
and scope of the disclosure.

What is claimed is:

1. A plasma generation apparatus comprising:

a flow path tube through which a liquid flows, the flow path
tube including at least one of a concave portion and a
convex portion which is located on an internal wall
surface of the flow path tube, an inside of the flow path
tube communicating with an external space of the flow
path tube through a gas introduction path;

a liquid feed device which flows the liquid into the flow
path tube;

afirst electrode at least part of which is located in the inside
of the flow path tube;

a second electrode at least part of which is located in the
inside of the flow path tube;

a power source which applies a predetermined voltage
between the first electrode and the second electrode; and

a control circuit which makes the liquid feed device flow
the liquid into the flow path tube, and makes the power
source apply a predetermined voltage between the first
electrode and the second electrode, wherein

the at least one of the concave portion and the convex
portion causes, when the liquid flows therethrough, a
pressure difference to be generated between at least part
of the inside of the flow path tube and the external space
of the flow path tube, allowing a gas to be introduced into
the liquid from the external space through the gas intro-
duction path, and

the power source applies the predetermined voltage
between the first electrode and the second electrode in a
state in which a bubble containing the gas is generated in
the liquid.

2. The plasma generation apparatus according to claim 1,

wherein

the concave portion is recessed more than a peripheral
portion on the internal wall surface of the flow path tube
both in a first section orthogonal to a flowing direction in
which the liquid flows inside the flow path tube and in a
second section parallel to the flowing direction, and

the convex portion is protruded more than the peripheral
portion both in the first section and in the second section.

3. The plasma generation apparatus according to claim 1,

further comprising:

an insulator which is located to surround the first electrode
with a gap therebetween, the insulator having an open-
ing through which the gap and the inside of the flow path
tube communicate with each other, wherein

the gas introduction path includes the gap and the opening.

4. The plasma generation apparatus according to claim 1,

wherein

the first electrode is a tubular electrode having a hollow
which extends in a longitudinal direction, and

the gas introduction path includes the hollow.

5. The plasma generation apparatus according to claim 1,

wherein the at least part of the first electrode has a region
which is covered with the bubble.
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6. A plasma generation apparatus comprising:

a flow path tube through which a liquid flows, an inside of
the flow path tube communicating with an external space
of'the flow path tube through a gas introduction path;

a liquid feed device which generates a swirling flow of the
liquid in the inside of the flow path tube;

afirst electrode at least part of which is located in the inside
of the flow path tube;

a second electrode at least part of which is located in the
inside of the flow path tube;

a power source which applies a predetermined voltage
between the first electrode and the second electrode; and

a control circuit which makes the liquid feed device gen-
erate the swirling flow of the liquid in the inside of the
flow path tube, and makes the power source apply a
predetermined voltage between the first electrode and
the second electrode, wherein

the swirling flow of the liquid causes a pressure difference
to be generated between at least part of the inside of the
flow path tube and the external space of the flow path
tube, allowing a gas to be introduced into the liquid from
the external space through the gas introduction path, and

the power source applies the predetermined voltage
between the first electrode and the second electrode in a
state in which a bubble containing the gas is generated in
the liquid.

7. The plasma generation apparatus according to claim 6,

wherein the at least part of the first electrode has a region
which is covered with the bubble.

#* #* #* #* #*
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