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(57)  There is provided a gas replacement technique
for an expander (14) of a cryocooler (10) for avoiding
contact between electrical equipment in the expander
(14) and a flammable gas. A gas replacement method for
an expander (14) of a cryocooler (10) is provided. The
expander (14) includes an expander cylinder (16), a
pressure switching valve (42) that switches a pressure
inside the expander cylinder (16), a connection flow path
(20b) from the pressure switching valve (42) to the ex-
pander cylinder (16), and an expander motor (40) that
drives the pressure switching valve (42). The method
includes connecting a nonflammable gas source (60) to
the connection flow path (20b) or the expander cylinder
(16), and purging a residual gas in the expander cylinder
(16) with a nonflammable gas from the nonflammable
gas source (60) while the expander motor (40) is stopped.
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Description
BACKGROUND OF THE INVENTION
Field of the Invention

[0001] The present invention relates to a gas replace-
ment method for an expander of a cryocooler and a
cryocooler. In addition, the present invention relates to
a gas replacement pipe that can be used in such a gas
replacement method.

Description of Related Art

[0002] For example, a cryocooler such as a Gifford-
McMahon (GM) cryocooler is mounted in a storage con-
tainer for a liquefied gas and used for recondensing the
gas as one of applications thereof (for example, Japa-
nese Unexamined Patent Publication No. 2001-241796).

SUMMARY OF THE INVENTION

[0003] In a case where the gas to be recondensed by
the cryocooler contains, for example, a flammable gas
such as hydrogen, an atmosphere surrounding the cryo-
cooler may contain the flammable gas. The present in-
ventor has noticed that the flammable gas may be taken
into an expander of the cryocooler during maintenance
work that is performed by interrupting an operation of the
cryocooler. The maintenance work involves disassem-
bling and reassembling the expander to inspect or re-
place aninternal component. Therefore, in a case where
the maintenance work is performed at a site where the
expander is installed, an ambient gas, that is, a gas that
may contain the flammable gas, may be taken into the
expander. As a result, electrical equipment in the expan-
der, such as a motor, and the flammable gas may come
into contact with each other. Operating the electrical
equipment in a state of being in contact with the flam-
mable gas may cause a risk of ignition.

[0004] An exemplary object of one aspect of the pre-
sentinvention is to provide a gas replacement technique
for an expander of a cryocooler for avoiding contact
between electrical equipment in the expander and a
flammable gas.

[0005] According to one aspect of the present inven-
tion, there is provided a gas replacement method for an
expander of a cryocooler. The expander includes an
expander cylinder, a pressure switching valve that
switches a pressure inside the expander cylinder, a con-
nection flow path from the pressure switching valve to the
expander cylinder, and an expander motor that drives the
pressure switching valve. The method includes connect-
ing a nonflammable gas source to the connection flow
path or the expander cylinder, and purging a residual gas
in the expander cylinder with a nonflammable gas from
the nonflammable gas source while the expander motor
is stopped.
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[0006] According to another aspect of the present in-
vention, there is provided a cryocooler including an ex-
pander cylinder, a pressure switching valve that switches
a pressure inside the expander cylinder, a high pressure
port and a low pressure port connected to the expander
cylinder via the pressure switching valve, a connection
flow path from the pressure switching valve to the ex-
pander cylinder, and a gas receiving port that is different
from the high pressure port and the low pressure port and
is connected to the connection flow path to allow a gas to
flow into the connection flow path.

[0007] According to still another aspect of the present
invention, there is provided a gas replacement pipe used
for gas replacement of an expander of a cryocooler. The
gas replacement pipe includes a main pipe that is con-
nectable to a nonflammable gas source, a first branch
pipe that branches from the main pipe and is connectable
to a gas receiving port of the expander, a second branch
pipe that branches from the main pipe and is connectable
toahigh pressure port of the expander, and a third branch
pipe that branches from the main pipe and is connectable
to a low pressure port of the expander.

[0008] Accordingtothe presentinvention, itis possible
to provide a gas replacement technique for an expander
of a cryocooler for avoiding contact between electrical
equipment in the expander and a flammable gas.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009]

Fig. 1 is a diagram schematically showing a cryo-
cooler according to an embodiment.

Fig. 2 is a diagram schematically showing the cryo-
cooler according to the embodiment.

Fig. 3 is a diagram schematically showing the cryo-
cooler according to the embodiment.

Fig. 4 is a diagram schematically showing a disas-
sembled perspective view of a main part of a motion
conversion mechanism of a cold head according to
the embodiment.

Fig. 5 is a flowchart showing a gas replacement
method for an expander of the cryocooler according
to the embodiment.

Fig. 6 is a schematic view showing the expander of
the cryocooler in the gas replacement method ac-
cording to the embodiment.

Fig. 7 is a schematic view showing the expander of
the cryocooler in the gas replacement method ac-
cording to the embodiment.

Fig. 8 is a diagram schematically showing the cryo-
cooler according to the embodiment.

DETAILED DESCRIPTION OF THE INVENTION
[0010] Hereinafter, an embodiment for carrying out the

present invention will be described in detail with refer-
encetothe drawings. In the description and the drawings,
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the same or equivalent components, members, and pro-
cesses are denoted by the same reference numerals,
and overlapping description is omitted as appropriate.
The scale and the shape of each of parts shown in the
drawings are set for convenience to make the description
easy to understand, and are not to be interpreted as
limiting unless stated otherwise. The embodiment is
merely an example and does not limit the scope of the
present invention. All features described in the embodi-
ment or combinations thereof are not necessarily essen-
tial to the present invention.

[0011] Figs. 1to 3 are diagrams schematically showing
a cryocooler 10 according to the embodiment. Fig. 1
shows an appearance of a cold head of the cryocooler
10, and Fig. 2 shows an internal structure of a low-
temperature section of the cold head. Fig. 3 shows an
internal structure of a drive unit of the cold head. The
cryocooler 10 is usually installed in a vacuum chamber
(not shown) such that the low-temperature section is
disposed inside the vacuum chamber and the drive unit
is disposed in a surrounding environment (for example, a
room temperature atmospheric pressure environment)
outside the vacuum chamber. As an example, the cryo-
cooler 10 is a two-stage Gifford-McMahon (GM) cryo-
cooler.

[0012] As an example of applications, the cryocooler
10 may be mounted in a cryogenic liquid storage tank that
stores a cryogenic liquid. The cryocooler 10 may be used
for recondensing a vaporized cryogenic liquid. The cryo-
genic liquid may be a refrigerant having a boiling point
lower than a boiling point of nitrogen (about 77 K) in the
embodiment, and may be, for example, liquid hydrogen,
liquid helium, or liquid neon.

[0013] The cryocooler 10 includes a compressor 12
and an expander 14. The compressor 12 is configured to
collect a working gas of the cryocooler 10 from the ex-
pander 14, to pressurize the collected working gas, and to
supply the working gas to the expander 14 again. The
compressor 12 and the expander 14 constitute a refrig-
eration cycle of the cryocooler 10, whereby the cryocoo-
ler 10 can provide desired cryogenic cooling. The ex-
pander 14 is also often referred to as a cold head. The
working gas is also referred to as a refrigerant gas, and
other suitable gases may be used although a helium gas
is typically used. For the sake of understanding, a flow
direction of the working gas is shown by an arrow in Fig. 1.
[0014] In general, both a pressure of a working gas
supplied from the compressor 12 to the expander 14 and
a pressure of a working gas collected from the expander
14 to the compressor 12 are considerably higher than the
atmospheric pressure, and can be called a first high
pressure and a second high pressure, respectively. For
convenience of description, the first high pressure and
the second high pressure are also simply called a high
pressure and a low pressure, respectively. Typically, the
high pressure is, for example, 2 to 3 MPa. The low
pressure is, for example, 0.5 to 1.5 MPa and is, for
example, about 0.8 MPa. For the sake of understanding,
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a flow direction of the working gas is shown by an arrow.
[0015] The expander 14 includes an expander cylinder
16, a displacer assembly (hereinafter, also referred to as
a displacer) 18, and an expander housing (hereinafter,
also referred to as a housing) 20. The expander cylinder
16 guides linear reciprocation of the displacer 18, and
forms an expansion chamber (32, 34) as an expansion
space for the working gas in a space with the displacer 18.
The expander cylinder 16 is fixed to the expander hous-
ing 20, whereby a casing of the expander 14 is config-
ured, and an airtight space for accommodating the dis-
placer 18 is formed inside the expander cylinder 16.
[0016] In addition, the expander 14 includes a high
pressure port 13a and a low pressure port 13b. The high
pressure port 13a is provided in the expander housing 20
as aninlet for the working gas to the expander 14, and the
low pressure port 13b is provided in the expander hous-
ing 20 as an outlet for the working gas from the expander
14. Therefore, the high pressure port 13a is connected to
a high pressure side of the compressor 12 by a high
pressure side pipe, and the low pressure port 13b is
connected to a low pressure side of the compressor 12
by a low pressure side pipe. Accordingly, the high pres-
sure working gas is supplied from the high pressure side
ofthe compressor 12 to the expander 14 through the high
pressure port 13a. In addition, the low pressure working
gas s collected from the expander 14 to the low pressure
side of the compressor 12 through the low pressure port
13b.

[0017] Inthe present specification, in order to describe
a positional relationship between the components of the
cryocooler 10, for convenience, a side close to a top dead
center of the axial reciprocation of the displacer is de-
scribed as "upper”, and a side close to a bottom dead
center is described as "lower". The top dead center is a
position of the displacer where a volume of an expansion
space is maximized, and the bottom dead center is the
position of the displacer where the volume of the expan-
sion space is minimized. Since a temperature gradient is
generated in which a temperature drops from the upper
side to the lower side in the axial direction during the
operation of the cryocooler 10, the upper side can be
referred to as a high temperature side and the lower side
can be referred to as a low temperature side.

[0018] The expander cylinder 16 includes a first cylin-
der 16a and a second cylinder 16b. As an example, the
first cylinder 16a and the second cylinder 16b are mem-
bers having a cylindrical shape, and the second cylinder
16b has a smaller diameter than the first cylinder 16a.
The first cylinder 16a and the second cylinder 16b are
coaxially disposed, and a lower end of the first cylinder
16a is rigidly connected to an upper end of the second
cylinder 16b.

[0019] The displacer assembly 18 includes a first dis-
placer 18a and a second displacer 18b, which are con-
nected to each other, and these move integrally. As an
example, the first displacer 18a and the second displacer
18b are members having a cylindrical shape, and the
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second displacer 18b has a smaller diameter than the first
displacer 18a. The first displacer 18a and the second
displacer 18b are coaxially disposed.

[0020] The first displacer 18a is accommodated in the
first cylinder 16a, and the second displacer 18b is ac-
commodated in the second cylinder 16b. The first dis-
placer 18a can reciprocate in an axial direction along the
first cylinder 16a, and the second displacer 18b can
reciprocate in the axial direction along the second cylin-
der 16b.

[0021] As shown in Fig. 2, the first displacer 18a ac-
commodates a first regenerator 26. The first regenerator
26 is formed by filling a tubular main body of the first
displacer 18a with a wire mesh such as copper or other
appropriate first regenerator material. An upper lid por-
tion and a lower lid portion of the first displacer 18a may
be provided as separate members from the main body of
the first displacer 18a, and the upper lid portion and the
lower lid portion of the first displacer 18a may be fixed to
the main body by appropriate means such as fastening or
welding, whereby the first regenerator material may be
accommodated in the first displacer 18a.

[0022] Similarly, the second displacer 18b accommo-
dates a second regenerator 28. The second regenerator
28 is formed by filling a tubular main body of the second
displacer 18b with a non-magnetic regenerator material
such as bismuth, a magnetic regenerator material such
as HoCu,, or other appropriate second regenerator ma-
terial. The second regenerator material may be formed in
a granular shape. The upper lid portion and the lower lid
portion of the second displacer 18b may be provided as
separate members from the main body of the second
displacer 18b, and the lower lid portion and the upper lid
portion of the second displacer 18b may be fixed to the
main body by appropriate means such as fastening or
welding, whereby the second regenerator material may
be accommodated in the second displacer 18b.

[0023] The displacer 18 forms an upper chamber 30, a
first expansion chamber 32, and a second expansion
chamber 34 inside the expander cylinder 16. The expan-
der 14 includes a first cooling stage 33 and a second
cooling stage 35 for heat exchange with a desired object
or medium to be cooled by the cryocooler 10. The upper
chamber 30 is formed between the upper lid portion of the
first displacer 18a and the upper portion of the first
cylinder 16a. The first expansion chamber 32 is formed
between the lower lid portion of the first displacer 18a and
the first cooling stage 33. The second expansion cham-
ber 34 is formed between the lower lid portion of the
second displacer 18b and the second cooling stage 35.
The first cooling stage 33 is fixed to the lower portion of
the first cylinder 16a to surround the first expansion
chamber 32, and the second cooling stage 35 is fixed
to the lower portion of the second cylinder 16b to sur-
round the second expansion chamber 34.

[0024] The first regenerator 26 is connected to the
upper chamber 30 through a working gas flow path
36a formed in the upper lid portion of the first displacer
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18a, and is connected to the first expansion chamber 32
through a working gas flow path 36b formed in the lower
lid portion of the first displacer 18a. The second regen-
erator 28 is connected to the first regenerator 26 through
a working gas flow path 36¢ formed from the lower lid
portion of the first displacer 18a to the upper lid portion of
the second displacer 18b. In addition, the second regen-
erator 28 is connected to the second expansion chamber
34 through a working gas flow path 36d formed in the
lower lid portion of the second displacer 18b.

[0025] A first seal 38a and a second seal 38b may be
provided so that the working gas flow between the first
expansion chamber 32, the second expansion chamber
34 and the upper chamber 30 is guided to the first
regenerator 26 and the second regenerator 28 rather
than to the clearance between the expander cylinder
16 and the displacer 18. The first seal 38a may be
mounted to the upper lid portion of the first displacer
18a to be disposed between the first displacer 18a and
the first cylinder 16a. The second seal 38b may be
mounted to the upper lid portion of the second displacer
18b to be disposed between the second displacer 18b
and the second cylinder 16b.

[0026] As shown in Fig. 3, the expander housing 20
includes a housing main body 22 having a lower opening
21 and a lower cover 24 that closes the lower opening 21.
The lower opening 21 is formed on a lower surface of the
housing main body 22. As shown in the figure, a housing
internal volume 20a formed by the housing main body 22
and the lower cover 24 may be connected to a low
pressure side of the compressor 12 and maintained at
a low pressure.

[0027] The lower cover 24 partitions the housing inter-
nal volume 20a and a displacer accommodation space
(upper chamber 30) in the expander cylinder 16. The
lower cover 24 has a disk shape as a whole, and more
specifically, has an upper large-diameter portion and a
lower small-diameter portion. A first sealing member 25a
is provided between the lower cover 24 and the expander
cylinder 16 in order to maintain airtightness of an internal
volume of the expander cylinder 16, and a second sealing
member 25b is provided between the lower cover 24 and
the housing main body 22 in order to maintain airtight-
ness of the housing internal volume 20a. As shown in the
figure, the first sealing member 25a may be mounted to
the small-diameter portion of the lower cover 24, and the
second sealing member 25b may be mounted to the
large-diameter portion of the lower cover 24.

[0028] The lower cover 24 is removably fitted into the
lower opening 21, and an upper flange portion of the
expander cylinder 16 is fastened to the housing main
body 22 with a fastening member such as a bolt. In this
way, the lower cover 24 is interposed between the hous-
ing main body 22 and the upper flange portion of the
expander cylinder 16. The lower cover 24 is not fixed to
the housing main body 22 through fastening. Note that a
structure may be adopted in which the housing main body
22 and the lower cover 24 are fastened to each other with
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a fastening member such as a bolt.

[0029] In addition, the expander 14 includes an expan-
dermotor40, a pressure switching valve 42, and a motion
conversion mechanism 43. The expander motor 40 is
attached to the expander housing 20, more specifically, to
a side surface of the housing main body 22. In order to
maintain the airtightness of the housing internal volume
20a, a sealing member (not shown) may be provided on
an attachment surface between the expander motor 40
and the housing main body 22. The pressure switching
valve 42 and the motion conversion mechanism 43 are
accommodated in the expander housing 20.

[0030] The expander motor 40 is provided in the ex-
pander 14 as a drive source for the displacer 18 and the
pressure switching valve 42. The expander motor 40 may
be an appropriate electric motor, and may be configured
to rotate a motor rotary shaft 40a at a constant rotational
speed, or may be capable of variably controlling the
rotational speed of the motor rotary shaft 40a.

[0031] The pressure switching valve 42 connects the
high pressure port 13a and the low pressure port 13b to
the expander cylinder 16 (that is, the upper chamber 30,
the first expansion chamber 32, and the second expan-
sion chamber 34). The pressure switching valve 42 is
configured to alternately connect the high pressure port
13a and the low pressure port 13b to the expander
cylinder 16 and to periodically switch between the intake
and the exhaust of the expander cylinder 16.

[0032] Inaddition,the pressure switching valve 42 may
be configured to temporarily block the connection be-
tween both the high pressure port 13a and the low
pressure port 13b and the expander cylinder 16 when
switching the connection between the high pressure port
13a and the low pressure port 13b. In this case, the
pressure switching valve 42 does not instantaneously
switch the connection between the high pressure port
13a and the low pressure port 13b, but has a period in
which the expander cylinder 16 is connected to neither
the high pressure port 13a nor the low pressure port 13b.
[0033] The pressure switching valve 42 is a rotary
valve type in the embodiment. Therefore, the pressure
switching valve 42 includes a valve rotor 42a and a valve
stator 42b, and the valve rotor 42a is in contact with the
valve stator 42b so as to rotate while sliding with respect
tothe valve stator42b. The valve rotor 42ais supported to
be rotatable with respect to the housing main body 22,
and the valve stator 42b is supported to be unrotatable
with respect to the housing main body 22. An elastic body
such as a spring for pressing the valve stator 42b toward
the valve rotor 42a in a direction of a rotation axis of the
valve rotor 42a may be interposed between the valve
stator 42b and the housing main body 22.

[0034] A connection flow path 20b from the pressure
switching valve 42 to the expander cylinder 16 is formed
in the expander housing 20. The connection flow path
20b connects the pressure switching valve 42 to the
upper chamber 30. The valve rotor 42a and the valve
stator 42b of the pressure switching valve 42 are formed
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with a valve internal flow path to alternately connect the
connection flow path 20b to the high pressure port 13a
and the housing internal volume 20a (that is, the low
pressure port 13b). Various known forms can be adopted
as the valve internal flow path, and details thereof will not
be described herein.

[0035] The motion conversion mechanism 43 is con-
figured to connect the expander motor 40 to the pressure
switching valve 42 and the displacer 18 so as to transmit
the rotation of the motor rotary shaft 40a to the pressure
switching valve 42 and convert the rotation into the linear
reciprocation of the displacer 18. An example of the
motion conversion mechanism 43 will be described be-
low. One rotation of the motor rotary shaft40a causes one
reciprocation of the displacer 18 via the motion conver-
sion mechanism 43, thereby periodically changing the
volume of the expansion space for the working gas.
Simultaneously, one rotation of the motor rotary shaft
40a causes one rotation of the pressure switching valve
42 via the motion conversion mechanism 43, whereby
the high pressure port 13a and the low pressure port 13b
are alternately connected to the expander cylinder 16 via
the pressure switching valve 42, and the pressure of the
expansion space for the working gas periodically
changes.

[0036] Inthisway, the synchronized volume fluctuation
and pressure fluctuation are generated in the expansion
space to configure the refrigeration cycle of the cryocoo-
ler 10, whereby the cryocooler 10 can provide desired
cryogenic cooling. The first cooling stage 33 can be
cooled to a first cooling temperature, and the second
cooling stage 35 can be cooled to a second cooling
temperature lower than the first cooling temperature.
The first cooling temperature may be, for example, in a
range of about 10 K to about 100 K or in a range of about
20 Kto about 40 K. The second cooling temperature may
be, for example, about 20 K or lower, or about 10 K or
lower, or in a range of about 1 K to about 4 K. In a case
where the cryocooler 10 is used for recondensing the
vaporized cryogenic liquid, a cooling temperature of the
cryocooler 10 (for example, the second cooling tempera-
ture) may be a temperature equal to or lower than a
boiling point of the cryogenic liquid.

[0037] The expander 14 of the cryocooler 10 may be
installed in a hermetic container 11 as illustrated in Fig. 1.
The hermetic container 11 may be, for example, a va-
cuum chamber such as a cryostat. In a case where the
cryocooler 10 is used for recondensing the vaporized
cryogenic liquid, the hermetic container 11 may configure
a cryogenic liquid storage tank that stores the cryogenic
liquid. The expander 14 may be inserted into the hermetic
container 11 from an opening portion of a wall surface of
the hermetic container 11, and the expander housing 20
may be fixed to the hermetic container 11 at the opening
portion. The expander housing 20 is exposed to ambient
environment (for example, room temperature atmo-
spheric pressure environment) of the hermetic container
11, and the first cooling stage 33 and the second cooling
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stage 35 are disposed inside the hermetic container 11.
The expander 14 may be vertically installed in the her-
metic container 11 such that the expander housing 20
faces upward and the first cooling stage 33 and the
second cooling stage 35 face downward.

[0038] Fig. 4 is a diagram schematically showing a
disassembled perspective view of a main part of the
motion conversion mechanism 43 of the cold head ac-
cording to the embodiment. An exemplary form of the
motion conversion mechanism 43 will be described with
reference to Figs. 3 and 4.

[0039] The motion conversion mechanism 43 is a
scotch yoke in this embodiment, and includes a crank
44 having a crank pin 44a, a scotch yoke shaft 45, and a
crank pin bearing 46. The scotch yoke shaft45includes a
scotch yoke plate 45a, an upper rod 45b, and a lower rod
45c. The scotch yoke shaft 45 may be formed of a metal
material such as stainless steel.

[0040] The crank 44 is fixed to the motor rotary shaft
40a. The crank pin 44a extends parallel to the motor
rotary shaft 40a at a position eccentric from the motor
rotary shaft 40a. The crank pin 44a extends from the
crank 44 toward a side opposite to the motor rotary shaft
40a with respect to the crank 44.

[0041] The scotch yoke plate 45a is a rectangular
plate-shaped member having a horizontally elongated
window 47. The horizontally elongated window 47 ex-
tends in the axial direction and in a direction perpendi-
cular to the motor rotary shaft 40a. The crank pin bearing
46 is reliably disposed in the horizontally elongated win-
dow 47. The crank pin bearing 46 may be, for example, a
roller bearing. An engagement hole 46a that engages
with the crank pin 44a is formed at the center of the crank
pin bearing 46, and the crank pin 44a penetrates the
engagement hole 46a.

[0042] On a side opposite to the crank 44 with respect
to the scotch yoke plate 45a, the valve rotor 42a of the
pressure switching valve 42 is disposed such that a
center axis thereof coincides with the motor rotary shaft
40a, and a tip of the crank pin 44a penetrating the en-
gagement hole 46a is fixed to the valve rotor 42a.
[0043] The upper rod 45b extends upward from the
center of an upper frame of the scotch yoke plate 45a, the
lower rod 45c extends downward from the center of a
lower frame of the scotch yoke plate 45a, and the rods are
coaxially disposed. The scotch yoke plate 45a and the
upper rod 45b are accommodated in the expander hous-
ing 20, and the lower rod 45c extends out of the expander
housing 20 by penetrating the lower cover 24. A tip of the
lower rod 45c is connected to the displacer 18 inside the
expander cylinder 16.

[0044] A first sliding bearing 48a is provided between
the upper rod 45b and the housing main body 22, and a
second sliding bearing 48b is provided between the lower
rod 45c and the lower cover 24. The housing main body
22 has arecessed portion for receiving the upper rod 45b
in an upper portion thereof, and the first sliding bearing
48a is disposed in the recessed portion to slidably sup-
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port the upper rod 45b in the axial direction. The lower
cover 24 has a through-hole in a center portion thereof,
and the second sliding bearing 48b is disposed in the
through-hole to slidably support the lower rod 45c in the
axial direction. The second sliding bearing 48b is pro-
vided with a seal portion such as a slipper seal or a
clearance seal, and is configured to be airtight. There-
fore, the housing internal volume 20a is isolated from the
upper chamber 30. There is no direct gas flow between
the housing internal volume 20a and the upper chamber
30.

[0045] A collar portion 50 is fixed to the tip of the lower
rod 45c¢ connected to the displacer 18 by a fixing pin 49.
The collar portion 50 is a short tubular member into which
a tip of the displacer assembly 18 is inserted. A through-
hole is formed in the tip of the lower rod 45¢ and the collar
portion 50 in a direction perpendicular to the axial direc-
tion, and the collar portion 50 is fixed to the lower rod 45¢
by fitting the fixing pin 49 into the through-hole.

[0046] The firstdisplacer 18a has alid portion 52a and
amain body 52b. The lid portion 52a is an upper lid of the
first displacer 18a, and has a disk shape. The lid portion
52a is formed of a metal material such as an alumite-
treated aluminum alloy, or other material. The main body
52b has a cylindrical shape, and includes a regenerator
therein. The main body 52b is formed of a synthetic resin
material or other material, and may be formed of, for
example, a phenolic resin such as Bakelite. The
above-described working gas flow path 36a is formed
by penetrating the lid portion 52a and an upper end
portion of the main body 52b in the axial direction. The
above-described first seal 38a may be interposed be-
tween outermost peripheral portions of the lid portion 52a
and the main body 52b. The lid portion 52a and the main
body 52b are fixed to each other by using, for example, a
fastening member such as a bolt, or by using, for exam-
ple, other methods such as adhesion.

[0047] A through-hole for receiving the tip of the lower
rod 45¢ and the collar portion 50 is formed in a center
portion of the lid portion 52a. The collar portion 50 has a
flange portion that expands outward in a radial direction
at a lower end portion thereof, and the flange portion is
interposed between the lid portion 52a and the main body
52b ofthefirstdisplacer 18a, so thatthe lowerrod 45¢ and
the collar portion 50 are connected to the first displacer
18a. In this way, the displacer 18 is attached to the scotch
yoke shaft 45.

[0048] Therefore, when the expander motor 40 is dri-
ven and the motor rotary shaft 40a is rotated, the crank
pin bearing 46 engaged with the crank pin 44arotatesina
circular motion. In this case, the crank pin bearing 46
reciprocates in the horizontally elongated window 47 of
the scotch yoke plate 45a, and the scotch yoke shaft 45
and the displacer 18 reciprocate in the axial direction. In
this way, the expander motor 40 drives the axial move-
ment of the scotch yoke shaft 45.

[0049] In the embodiment, as shown in Figs. 1 and 3,
the expander 14 includes a gas receiving port 54 different



1 EP 4 481 300 A1 12

from the high pressure port 13a and the low pressure port
13b. The gas receiving port 54 is provided in the expan-
der housing 20 and is connected to the connection flow
path 20b to allow a gas to flow into the connection flow
path 20b. Therefore, the gas receiving port 54 is provided
not on the compressor 12 side (that is, on the high
pressure port 13a and low pressure port 13b side) but
on the expander cylinder 16 side with respect to the
pressure switching valve 42.

[0050] The gasreceiving port54isnotusedinanormal
operation of the cryocooler 10 for cryogenic cooling and is
closed. As will be described below, the gas receiving port
54 is used in an open state in a gas replacement method
for the expander 14 to return the cryocooler 10 from the
maintenance work to the normal operation.

[0051] The gas receiving port 54 is provided in the
expander housing 20 and is therefore disposed outside
the hermetic container 11. Therefore, in a state where the
expander 14 is attached to the hermetic container 11, a
worker can access the gas receiving port 54 from outside
the hermetic container 11 and easily open and close the
gas receiving port 54.

[0052] As with the high pressure port 13a and the low
pressure port 13b, the gas receiving port 54 may be a
detachable coupling such as a self-sealing coupling.
Accordingly, the pipe can be easily attached to and
detached from the gas receiving port 54 for the gas
replacement work of the expander 14.

[0053] The gas receiving port 54 may have a size
different from that of the high pressure port 13a and
the low pressure port 13b, for example, a size smaller
than that of the high pressure port 13a and the low
pressure port 13b. For example, the gas receiving port
54 may be a coupling having a size (for example, a
nominal diameter) smaller than that of a coupling con-
figuring the high pressure port 13a (or the low pressure
port 13b). In this way, the gas receiving port 54 is easily
identified by making the gas receiving port 54 different in
size from other ports. This is helpful to prevent miscon-
nection of the pipe between the gas receiving port 54 and
other ports.

[0054] A flow path cross-sectional area of the gas
receiving port 54 may be smaller than a flow path
cross-sectional area of the connection flow path 20b.
Here, the flow path cross-sectional area means a flow
path cross-sectional area in a direction perpendicularto a
flow direction of the working gas. The gas receiving port
54 (and a flow path volume from the gas receiving port 54
to the connection flow path 20b) is not used in the normal
operation of the cryocooler 10, and thus can be a dead
volume that can reduce a cooling capacity of the cryo-
cooler 10. Therefore, such a dead volume can be re-
duced and the adverse effect on the cooling capacity of
the cryocooler 10 can be reduced by making the flow path
cross-sectional area of the gas receiving port 54 smaller
than the flow path cross-sectional area of the connection
flow path 20b.

[0055] Fig. 5 is a flowchart showing the gas replace-
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ment method for the expander 14 of the cryocooler 10
according to the embodiment. Fig. 6 is a schematic view
showing the expander 14 of the cryocooler 10 in the gas
replacement method according to the embodiment.
[0056] This gas replacement method can be executed
while the operation of the cryocooler 10 is stopped, for
example, before the normal operation of the cryocooler
10 is resumed after the maintenance work on the cryo-
cooler 10 is performed. In the maintenance work, for
example, the expander 14 may be disassembled and
reassembled in order to inspect or replace an internal
component of the expander 14, such as the displacer
assembly 18. In a case where the cryocooler 10 is
mounted in a storage container for the cryogenic liquid
and is used for recondensing the vaporized cryogenic
liquid, when the maintenance work is performed at the
site, the environmental atmosphere surrounding the
cryocooler 10 may contain the vaporized cryogenic li-
quid. The gas can be taken into the expander 14 during
the maintenance work. In a case where the cryogenic
liquid is liquid hydrogen, hydrogen is a flammable gas.
Therefore, aresidual gas taken into the expander 14 may
contain the flammable gas. Resuming the operation of
the cryocooler 10 in this state (that is, starting the drive of
the expander motor 40) cannot be said to avoid contact
between the electrical equipment (that is, the expander
motor 40) in the expander 14 and the flammable gas in
that an internal volume of the expander 14 is not guar-
anteed to be filled only with the nonflammable gas.
[0057] The gas replacement method for the expander
14 according to the embodiment includes connecting the
nonflammable gas source 60 to the connection flow path
20b (S10), and purging the residual gas in the expander
cylinder 16 with the nonflammable gas from the nonflam-
mable gas source 60 while the expander motor 40 is
stopped (that is, in a state where energization to the
expander motor 40 is stopped) (S20). In addition, in this
method, when the purging of the residual gas is com-
pleted, the connection between the nonflammable gas
source 60 and the connection flow path 20b is released,
and the operation of the cryocooler 10 is resumed.
[0058] Here, itis convenient to use the working gas of
the cryocooler 10, which is typically, for example, helium
gas, as the nonflammable gas. In this way, the internal
volume of the expander cylinder 16 can be filled with the
working gas of the cryocooler 10 after the purging of the
residual gas is completed, and the operation of the cryo-
cooler 10 can be immediately resumed.

[0059] In S10, the nonflammable gas source 60 is
connected to the gas receiving port 54 of the connection
flow path 20b via a gas replacement pipe 56. Fig. 6 shows
an example of the connection between the expander 14
of the cryocooler 10 and the nonflammable gas source
60.

[0060] The gas replacement pipe 56 includes a gas
supply valve 57. The gas supply valve 57 is provided in a
main pipe 56a of the gas replacement pipe 56. The
nonflammable gas source 60 is connected to one end
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of the main pipe 56a, a coupling that is attachable to and
detachable from the gas receiving port 54 of the expander
14 is provided at the other end of the main pipe 56a, and
the main pipe 56a is connected to the gas receiving port
54 by the coupling. By opening the gas supply valve 57,
the nonflammable gas is supplied from the nonflammable
gas source 60 to the gas receiving port 54, and by closing
the gas supply valve 57, the supply of the nonflammable
gas is stopped. The nonflammable gas source 60 may
be, for example, a gas cylinder filled with the nonflam-
mable gas (for example, an inert gas such as helium gas)
at a high pressure.

[0061] In addition, the gas replacement pipe 56 in-
cludes a gas outlet port 58 branched from the main pipe
56a. The gas outlet port 58 may be, for example, an on-off
valve. By opening the gas outlet port 58, the gas can be
exhausted to the outside from the gas replacement pipe
56, and by closing the gas outlet port 58, the gas exhaust
from the gas replacement pipe 56 is stopped.

[0062] In S20, the nonflammable gas from the non-
flammable gas source 60 is supplied to the expander
cylinder 16 from the gas replacement pipe 56 through the
gas receiving port 54. In addition, the residual gas in the
expander cylinder 16 is exhausted from the gas outlet
port 58 of the gas replacement pipe 56. In other words,
the residual gas in the expander cylinder 16 is diluted by
the supply of the nonflammable gas, and this diluted gas
is exhausted from the expander cylinder 16. The supply
of the nonflammable gas and the exhaust of the residual
gas are performed while the expander motor 40 is
stopped.

[0063] The supply of the nonflammable gas and the
exhaust of the residual gas may be simultaneously per-
formed. In this case, the gas supply valve 57 and the gas
outlet port 58 are simultaneously opened. Alternatively,
the supply of the nonflammable gas and the exhaust of
the residual gas may be alternately performed. In this
case, a supply state in which the gas supply valve 57 is
opened and the gas outlet port 58 is closed and an
exhaust state in which the gas supply valve 57 is closed
and the gas outlet port 58 is opened may be alternately
repeated.

[0064] When the cryocooler 10 is stopped, the pres-
sure switching valve 42 can take any of a first state in
which the high pressure port 13a is connected to the
expander cylinder 16, a second state in which the low
pressure port 13b is connected to the expander cylinder
16, and a third state in which the expander cylinder 16 is
connected to neither the high pressure port 13a nor the
low pressure port 13b. Therefore, in the existing cryo-
cooler in which the gas receiving port 54 is not provided,
even when the nonflammable gas source is connected to
the high pressure port 13a or the low pressure port 13b
and the nonflammable gas is supplied from the port, it is
not guaranteed that the purging of the residual gas in the
expander cylinder 16 is realized. For example, in the third
state, since both the high pressure port 13a and the low
pressure port 13b are blocked from the expander cylinder
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16 by the pressure switching valve 42, the nonflammable
gas is not supplied into the expander cylinder 16.
[0065] On the other hand, according to the embodi-
ment, since the gas receiving port 54 is connected to the
connection flow path 20b from the pressure switching
valve 42 to the expander cylinder 16, the nonflammable
gas source 60 can be connected to the expander cylinder
16 via the gas replacement pipe 56 so as to be parallel to
the pressure switching valve 42. Therefore, regardless of
the state of the pressure switching valve 42, the residual
gas in the expander cylinder 16 can be purged with the
nonflammable gas from the nonflammable gas source
60, and the internal volume of the expander cylinder 16
can be reliably replaced with the nonflammable gas (for
example, helium gas). Thereafter, when the operation of
the cryocooler 10 is resumed, it is guaranteed that the
residual gas, which may contain the flammable gas, does
not exist in the expander 14 and the expander 14 is filled
with the nonflammable gas. Therefore, the cryocooler 10
can be returned from the maintenance work to the normal
operation in a state of avoiding the contact between the
electrical equipment in the expander 14 and the flam-
mable gas.

[0066] In addition, in S20, the nonflammable gas may
be supplied to the expander 14 from the high pressure
port 13a and the low pressure port 13b. This may be
performed simultaneously with the supply of the non-
flammable gas from the gas receiving port 54 to the
expander cylinder 16. Alternatively, the supply from the
gas receiving port 54, the supply from the high pressure
port 13a, and the supply from the low pressure port 13b
may be performed in any order, and may be performed in
this order. In order to supply the nonflammable gas from
the high pressure port 13a to the expander 14, the non-
flammable gas source 60 may be connected to the high
pressure port 13a by using the above-described gas
replacement pipe 56. Similarly, in order to supply the
nonflammable gas from the low pressure port 13b to
the expander 14, the nonflammable gas source 60
may be connected to the low pressure port 13b by using
the above-described gas replacement pipe 56. In this
way, the residual gas can be replaced with the nonflam-
mable gas in the internal volume of the expander 14
connected to the high pressure port 13a and the low
pressure port 13b.

[0067] Fig.7isaschematicview showingthe expander
14 of the cryocooler 10 in the gas replacement method
according to the embodiment. As shown in the figure, a
three-pronged gas replacement pipe 56 may be used.
The gas replacement pipe 56 may include a main pipe
56a that is connectable to the nonflammable gas source
60, a first branch pipe 56b that branches from the main
pipe 56a and is connectable to the gas receiving port 54 of
the expander 14, a second branch pipe 56¢ thatbranches
from the main pipe 56a and is connectable to the high
pressure port 13a of the expander 14, and a third branch
pipe 56d that branches from the main pipe 56a and is
connectable to the low pressure port 13b of the expander
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14. By using such a gas replacement pipe 56, it is
possible to supply the nonflammable gas to the expander
14 at once from three ports (the gas receiving port 54, the
high pressure port 13a, and the low pressure port 13b) of
the expander 14, and to purge the residual gas, which is
convenient.

[0068] As in the above embodiment, the gas replace-
ment pipe 56 may include the gas supply valve 57 in the
main pipe 56a. The gas replacement pipe 56 may include
the gas outlet port 58 branched from the main pipe 56a.
Instead of ortogether with the gas outlet port 58 branched
from the main pipe 56a, the gas outlet port 59 may be
provided in the expander 14 (for example, the expander
housing 20). In addition, the gas replacement pipe 56
may include a pressure sensor 62 that measures the
pressure of the gas supplied from the nonflammable gas
source 60.

[0069] Fig. 8 is a diagram schematically showing the
cryocooler 10 according to the embodiment. Fig. 8 shows
an internal structure of a drive unit of the cold head. As
shown in the figure, a so-called gas assist type cryocooler
10 is known in which a gas assist chamber 64, which is a
hermetic space, is formed between the upper rod 45b of
the scotch yoke shaft 45 and the expander housing 20.
The gas assist chamber 64 is connected to the high
pressure port 13a and the low pressure port 13b via
the pressure switching valve 42, similarly to the expander
cylinder 16. Therefore, a second connection flow path
20c that connects the pressure switching valve 42 to the
gas assistchamber 64 is formed in the expander housing
20. The pressure switching valve 42 is configured to
alternately connect the high pressure port 13a and the
low pressure port 13b to the gas assist chamber 64. As a
result, a differential pressure that periodically acts be-
tween the gas assist chamber 64 and the internal volume
of the expander housing 20 can assist the axial recipro-
cation of the scotch yoke shaft 45, that is, the displacer
18.

[0070] The expander 14 including such a gas assist
chamber 64 may include a second gas receiving port 55
connected to the second connection flow path 20c in
addition to a first gas receiving port 54 connected to
the first connection flow path 20b. The gas replacement
method according to the embodiment may be applied to
the gas assist chamber 64 through the second gas re-
ceiving port 55. In this way, the residual gas in the gas
assist chamber 64 can be purged with the nonflammable
gas. For the gas replacement for the expander 14 includ-
ing the gas assist chamber 64, a four-pronged gas re-
placement pipe may be used in which a fourth branch
pipe that branches from the main pipe 56a and is con-
nectable to the gas assist chamber 64 of the expander 14
is added to the gas replacement pipe 56 shown in Fig. 7.
[0071] The present invention has been described
above based on the examples. It will be understood by
those skilled in the art that the present invention is not
limited to the above-described embodiment, various de-
sign changes are possible, various modification exam-
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ples are possible, and such modification examples are
also within the scope of the present invention. Various
characteristics described in relation to one embodiment
are also applicable to other embodiments. A new embo-
diment generated through combination also has the ef-
fects of each of the combined embodiments.

[0072] In the above embodiment, a case where the
nonflammable gas source 60 is connected to the con-
nection flow path 20b through the gas receiving port 54 by
using the gas replacement pipe 56 has been described as
an example, but other connection configurations are also
possible. In acertainembodiment, the nonflammable gas
source 60 may be connected to the expander cylinder 16
instead of the connection flow path 20b. In this case, the
gas receiving port 54 may be provided in the expander
cylinder 16. The gas replacement pipe 56 may be pro-
vided to penetrate a wall of the hermetic container 11 in
orderto connectthe gasreceiving port 54 disposed inside
the hermetic container 11 to the nonflammable gas
source 60 disposed outside the hermetic container 11.
[0073] In the above embodiment, a case where the
cryocooler 10 is a two-stage GM cryocooler has been
described as an example, but the cryocooler 10 accord-
ing to the embodiment may be, for example, a single-
stage GM cryocooler (providing cryogenic cooling of, for
example, 20 K to 80 K), or any other cryocooler including
apressure switching valve in an expander. Eveninsucha
case, the gas replacement method according to the
embodiment can be similarly applied.

[0074] The present invention has been described
above based on the examples. It will be understood by
those skilled in the art that the present invention is not
limited to the above-described embodiment, various de-
sign changes are possible, various modification exam-
ples are possible, and such modification examples are
also within the scope of the present invention.

Brief Description of the Reference Symbols
[0075]

10 cryocooler

13a high pressure port

13b low pressure port

14 expander

16 expander cylinder

20 expander housing

20b connection flow path
40 expander motor

42 pressure switching valve
54 gas receiving port

56 gas replacement pipe
58 gas outlet port

60 nonflammable gas source
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Claims

A gas replacement method for an expander (14) of a
cryocooler (10), the expander (14) including an ex-
pander cylinder (16), a pressure switching valve (42)
that switches a pressure inside the expander cylin-
der (16), a connection flow path (20b) from the
pressure switching valve (42) to the expander cylin-
der (16), and an expander motor (40) that drives the
pressure switching valve (42), the gas replacement
method comprising:

connecting a nonflammable gas source (60) to
the connection flow path (20b) or the expander
cylinder (16); and

purging a residual gas in the expander cylinder
(16) with a nonflammable gas from the nonflam-
mable gas source (60) while the expander motor
(40) is stopped.

2. The gas replacement method according to claim 1,

wherein the connection includes connecting the
nonflammable gas source (60) to a gas receiv-
ing port (54) of the connection flow path (20b) via
a gas replacement pipe (56), and

the purging includes supplying the nonflam-
mable gas from the nonflammable gas source
(60) to the expander cylinder (16) from the gas
replacement pipe (56) through the gas receiving
port (54) and exhausting the residual gas from
the gas replacement pipe (56) or a gas outlet
port (58) of the expander (14).

3. The gas replacement method according to claim 2,

wherein the expander (14) includes a high pres-
sure port (13a) and a low pressure port (13b)
connected to the expander cylinder (16) via the
pressure switching valve (42), and

the purging includes supplying the nonflam-
mable gas to the expander (14) from the high
pressure port (13a) and the low pressure port
(13b).

The gas replacement method according to any one
of claims 1 to 3,

wherein the nonflammable gas is a working gas of
the cryocooler (10).

A cryocooler (10) comprising:

an expander cylinder (16);

a pressure switching valve (42) that switches a
pressure inside the expander cylinder (16);

a high pressure port (13a) and a low pressure
port (13b) connected to the expander cylinder
(16) via the pressure switching valve (42);
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10

10.

a connection flow path (20b) from the pressure
switching valve (42) to the expander cylinder
(16); and

agas receiving port (54) that is different from the
high pressure port (13a) and the low pressure
port (13b) and is connected to the connection
flow path (20b) to allow a gas to flow into the
connection flow path (20b).

The cryocooler (10) according to claim 5, further
comprising:

an expander housing (20) that is coupled to the
expander cylinder (16) and accommodates the
pressure switching valve (42),

wherein the gas receiving port (54) is provided in
the expander housing (20).

The cryocooler (10) according to claim 6,

wherein a gas outlet port (58) is provided in the
expander housing (20) in addition to the high pres-
sure port (13a), the low pressure port (13b), and the
gas receiving port (54).

The cryocooler (10) according to claim 5,

wherein the gas receiving port (54) has a size differ-
ent from sizes of the high pressure port (13a) and the
low pressure port (13b).

The cryocooler (10) according to any one of claims 5
to 8,

wherein a flow path cross-sectional area of the gas
receiving port (54) is smaller than a flow path cross-
sectional area of the connection flow path (20b).

A gas replacement pipe (56) used for gas replace-
ment of an expander (14) of a cryocooler (10), the
gas replacement pipe (56) comprising:

a main pipe (56a) that is connectable to a non-
flammable gas source (60);

a first branch pipe (56b) that branches from the
main pipe (56a) and is connectable to a gas
receiving port (54) of the expander (14);

a second branch pipe (56c¢) that branches from
the main pipe (56a) and is connectable to a high
pressure port (13a) of the expander (14); and
a third branch pipe (56d) that branches from the
main pipe (56a) and is connectable to a low
pressure port (13b) of the expander (14).
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