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REFRIGERATION APPARATUS F OR DEVELOPING 
EX it ~ ‘ YLOW TEMPERATURES 

BACKGROUND OF THE INVENTION 

1. FIELD OF THE INVENTION 
This invention relates to a refrigeration apparatus for 

developing extremely low temperatures used to liquefy gases 
such as helium, hydrogen or the like or to cool the instruments 
utilizing superconductivity, and more particularly to a 
refrigeration apparatus of the type which is provided with a 
multistage expansion chamber for effecting the adiabatic ex 
pansion of a gas. 

2. DESCRIPTION OF THE PRIOR ART 
In the refrigeration apparatus of the described type, more 

stages of the expansion chamber result in a higher efficiency 
of refrigeration and the most ideal refrigeration apparatus will 
be realized by the provision of an in?nite number of expansion 
stages. It is, however, technically impossible to provide more 
than three expansion stages in the conventional refrigeration 
apparatus as shown in FIG. 1 or 2. 
The single-stage expansion displacer type refrigeration ap 

paratus of FIG. 1 includes a gas compressor 1, a high-pressure 
reservoir 2 connected to the high-pressure output of the gas 
compressor 1, a high-pressure valve 3 connected to the high 
pressure reservoir 2, a cylinder 4, a displacer 5 disposed within 
the cylinder 4, a gas compression chamber 6 and a gas expan 
sion chamber 7 de?ned in the upper and lower portions of the 
cylinder 4 by the displacer 5, a room-temperature seal 8 
providing a herrnetical sealing between the gas compression 
and expansion chambers 6 and 7, a regenerator-type heat 
exchanger 9 provided between the gas compression and ex 
pansion chambers 6 and 7, a low-pressure valve 10, a low 
pressure reservoir 11 connected to the low-pressure valve 10, 
a conduit 12 connecting the gas compression chamber 6 to the 
high-pressure valve 3 and to the low-pressure valve 11, a 
crank mechanism 13 for imparting reciprocal movement to 
the displacer 8, and a motor 14 for driving the crank 
mechanism 13. 

In operation, gases such as helium, hydrogen or the like 
compressed by the compressor 1 have their pressure regulated 
by the high-pressure reservoir 2. 0n the other hand, the dis 
placer 5 is imparted a reciprocal movement by the crank 
mechanism 13 driven from the motor 14. The high-pressure 
valve 3 and the low-pressure valve 10 are operated in 
synchronism with the movement of the displacer 5. In other 
words, when the displacer 5 is at the lower dead point the 
high-pressure valve 3 is opened to admit the compressed gas 
into the compression chamber 6 within the cylinder 4. (The 
low-pressure valve 10 is closed at that time.) When the dis 
placer 5 starts to move up, the gas within the compression 
chamber 6 is compressed and then passes through the 
regenerator-type heat exchanger 9, where the gas exchanges 
heat with it, and is then supplied to the expansion chamber 7. 
Any insu?icient supply of the gas is compensated for by the 
high-pressure reservoir 2. When the displacer 5 reaches the 
upper dead point, the high-pressure valve 3 is closed and the 
low-pressure valve 10 is simultaneously opened. As a result, 
the gas in the expansion chamber 7 effects adiabatic expan 
sion and thereby the gas decreases its temperature and 
produces cold. When the displacer 5 starts to move down, the 
gas in'the expansion chamber 7 passes through the regenera 
tor-type heat exchanger 9 where the gas exchanges-heat with it 
and gives it cold, and then the gas is returned to the low-pres 
sure input of the compressor 1 via compression chamber 6, 
low-pressure valve 10 and low-pressure reservoir 11. When 
the displacer 5 reaches the lower dead point again, the lciw 
pressure valve 10 is closed and the high-pressure valve 3 is 
opened, thus completing one cycle of refrigeration. Such a 
cycle is repeated to cool the gas to extremely low tempera 
tures. 

It il now assumed that the room temperature is T. and that 
refrigeration ofhest Q; is to be effected at a temperature 'I‘, by 
the use of the above-described refrigeration apparatus. All the 
temperatures mentioned hereln are absolute temperatures. 

15 

20 

25 

30 

35 

45 

50 

55 

60 

65 

2 
Because of the essential nature of the refrigeration ap 

paratus, it is always the case that when refrigeration is effected 
at the temperature T3 there is a heat input from outside at this 
or a higher temperature. It is assumed that the heat input is Q, 
for a temperature T; and Q, for a temperature Tg. In the 
above-described single-stage expansion-type refrigeration ap 
paratus'which has a single expansion chamber producing cold, 
the heat input is reduced from T1 and T, to T, even if T, and T, 
are higher than T5. Thus, the work L1 required for refrigera 
tion may be expressed as: 

L.:T.{A3%+A.%a+1s%} (1) 
wherein A3 represents a coe?icient corresponding to the tem 
perature I3 and expressing the increase of work resulting from 
the difference between the working gas and an ideal gas, the 
irreversible process and the dead space of the refrigeration ap 
paratus, and the value of A3 is greater than 1. Therefore, in 
such a single-stage expansion-type refrigeration apparatus 
having only one expansion chamber, all the heat inputs are 
reduced to the temperature 13 which produces cold, and it is 
apparent from equation (I) that a large amount of work is 
required to achieve refrigeration at an extremely low tempera 
ture, i.e., at T3 of small value. 
Another known refrigeration apparatus is of the three-stage 

expansion type which has been developed from the single 
stage expansion type of FIG. 1 so that expansion is effected at 
temperatures T1, T2 and T3 to produce cold. 
Such a three-stage expansion~type refrigeration apparatus 

of the prior art is shown in FIG. 2. The apparatus of FIG. 2 dif 
fers from that of FIG. 1 in that, as shown, cylinder 4 and dis 
placer 5 are respectively formed by three continuous cylinders 
and pillars of different diameters, that in accordance with the 
movement of the displacer 5 the gas is expanded in three ex 
pansion chambers, i.e., ?rst, second and third expansion 
chambers 7a, 7b and 7c so as to produce cold, and that three 
regenerator, i.e., ?rst, second and third heat exchangers 9a, 9b 
and 9:: correspond to the three expansion chambers 7a, 7b and 
70, respectively. 
When there are heat inputs Q1 and Q, at temperatures T1 

and T2 respectively and when refrigeration of heat 0;, is to be 
effected at a temperature T3, the work L3 required for this 
three-stage expansion-type refrigeration apparatus may be ex 
pressed as: ' 

_ (2.2 

where A” A, and A3 are coefficients having signi?cances 
similar to that of A3 in equation (1,) and these coefficients are 
in the following relation: ' 

A: 5 A2 5 As (3) 
Further, temperatures T,, T2 and T3 are in the relation as fol 
lows: 

When the relations expressed by equations (3) and (4) are 
taken into account, it will be apparent that L3 of equation (2) 
is smaller than I..l of equation ( l ). It will thus be appreciated 
that the refrigeration apparatus of the three-stage expansion 
type is far more e?icient than that of the single-stage expan 
sion type and can accomplish a higher degree of refrigeration 
at a lower temperature for an equal amount of given work. 

Actually, however, the temperatures at which heat input 
takes place are not limited to the two described temperature 
levels but heat input can take place at in?nite temperature 
levels or heat to be absorbed is present infinitely. Therefore, in 
an actual refrigeration apparatus, more stages of expansion 
may result in a higher efficiency and the most ideal refrigera 
tion apparatus will be one which has an in?nite number of ex 
pansion stages. 

However, this is technically difficult and three stages has 
been the greatest possible number of expansion stages accord 
ing to the prior art. Furthennore, in case of a refrigeration ap~ 
pnratun having two or more expansion‘ stages, seals (as in 
dlcated at 8!: and 8c in FIG. 2) provided to prevent the gun 
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from short-circuiting between expansion chambers without 
passing through the regenerator-type heat exchangers are in 
low-temperature ranges, with unfavorable results that heat is 
produced by the friction of these seals or the gas leaks through 
the seals, which means a wasteful consumption of the cold 
produced in the expansion chambers. 
The foregoing discussion, which has been directed to the 

displacer-type refrigeration apparatus, also holds true with the 
piston type or the inverse Stirling’s type refrigeration ap 
paratus, the latter type utilizing a combination of the displacer 
type and the piston type. This will become more apparent 
from the following detailed description of the present inven 
tion. . 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide an im 
proved refrigeration apparatus for developing extremely low 
temperatures with high efficiency. 

It is another object of the present invention to provide a 
simply constructed refrigeration apparatus having a number of 
expansion stages which may be called the in?nite expansion 
stage type. 

It is still another object of the present invention to provide a 
refrigeration apparatus using no low-temperature seal which 
may result in gas leakage or friction heat. 
_ These and other objects and advantages and features of the 
present invention will become fully apparent from the follow 
ing description when read in conjunction with the accompany 
ing drawings. 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 is a diagrammatic illustration of the single-stage ex 
pansion-type refrigeration apparatus using a displacer accord 
ing to the prior art. 

FIG. 2 is a diagrammatic illustration of the three-stage ex 
pansion-type refrigeration apparatus using a displacer accord 
ing to the prior art. 

FIG. 3 is a diagrammatic illustration of the displacer-type 
refrigeration apparatus according to an embodiment of the 
present invention. 

FIG. 4 is a model illustration for showing the manner in 
which cold is produced in the expansion chamber of the ap 
paratus shown in FIG. 3. 

FIG. 5 is a diagrammatic illustration of the piston-type 
refrigeration apparatus according to another embodiment of 
the present invention. 

FIG. 6 is a diagrammatic illustration of the inverse Stirling’s 
type refrigeration apparatus according to still another embodi 
ment of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Throughout FIGS. 3 to 6 showing the various embodiments 
of the present invention, parts similar to those of FIGS. 1 and 
2 are indicated by like reference characters. 

Referring to FIG. 3, an example of the displacer-type 
refrigeration apparatus embodying the present invention in 
cludes a cylinder 4 having a conically shaped lower portion, 
and a displacer 5 having a complementary lower portion. Heat 
exchangers l5 and 16 having a good heat transfer rate and a 
large speci?c heat are provided outside or inside the opposed 
conical surfaces of the cylinder 4 and displacer 5. The heat 
exchangers l5 and 16 may be formed as by wires of copper, 
copper alloy or like metal close-coiled into a layer, by screens 
of such metal turned into a layer or by balls or perforated disks 
of such metal. 

In operation, the gas compressed by the compressor 1 has 
its pressure regulated by the high-pressure reservoir 2. On the 
other hand, the displacer 5 is driven for reciprocal movement 
from the motor ,14 through the crank mechanism 13. The 
high-pressure valve 3 and low-pressure valve 10 are operated 
in synchronism with the displacer 5. In other words, when the 
displacer 5 is at the lower dead point the high-pressure valve 3 
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chamber 6 within the cylinder 4. (The low-pressure valve 10 is 
closed at that time.) When the displacer 5 starts to move up, 
the gas within the compression chamber 6 passes through the 
regenerator-type heat exchanger 9, where the gas exchanges 
heat, and is then supplied into the expansion chamber 7. The 
expansion chamber 7 is a very narrow, annular, conical 
clearance de?ned by the‘regenerator-type heat exchangers l5 
and 16, and therefore the gas introduced thereinto completely 
exchanges heat with these regenerator-type heat exchangers 
l5 and 16 while it reaches the top of the displacer 5. When the 
displacer 5 reaches the upper dead point, the high-pressure 
valve 3 is closed and the low-pressure valve 10 is opened at the 
same time. The gas within the expansion chamber 7 effects 
adiabatic expansion everywhere in that chamber and thereby 
produces cold. Subsequently, when the displacer 5 starts to 
move down, the cold gas within the expansion chamber 7 
exchanges heat with the regenerator-type heat exchangers 15 
and 16 while moving in that chamber, wherea?er the gas 
further exchanges heat with the regenerator-type heat 
exchanger 9 and passes through the compression chamber 6, 
low-pressure valve 10 and low-pressure reservoir 11 into the 
compressor 1 1 again. Thereafter, when the displacer 5 returns 
to the lower dead point, the low-pressure valve 10 is closed 
and the high-pressure valve 3 is opened, thereby completing 
one cycle of refrigeration. Such a cycle is then repeated so 
that the expansion chamber 7 is cooled down to extremely low 
temperatures while keeping a temperature gradient in the 
lengthwise direction thereof. 

If the vertical angle of each of the cones formed by the 
cylinder 4 and displacer 5 of the above-described refrigeration 
apparatus is 20 and the axial length thereof is I, then the 
volume variation dV in the expansion chamber 7 for a ?ne dis 
placement dh of the displacer 5 from the apex to a height h 
will be expressed as: 

(W =21rtan’6-l-a‘h (5 ) ' 
This means that the volume variation dV in the expansion 
chamber 7 is in proportion to the height h from the apex and 
accordingly that the volume variation is greater with the 
distance from the apex. 

Furthermore, the portions of the cylinder 4 and displacer 5 
which provide the conically shaped regenerator-type heat 
exchangers are closely spaced apart from each other but have 
great axial dimensions, so that parts of the gas which are most 
slightly spaced apart axially of the expansion chamber 7 
therewithin are thermally separated from each other by the 
regenerator-type heat exchangers. In other words, the expan 
sion chamber 7 is thermally divided into numerous separate 
portions by numerous regenerator-type heat exchangers. 

FIG. 4 is a model illustration for the better understanding of 
the cold producing portion in the refrigeration apparatus of 
the present invention. As shown, the compression chamber 6 
is connected on the one hand to the system of the compressor 
1 (not shown) and on the other hand to the regenerator-type 
heat exchanger 9. Below the regenerator-type heat exchanger 
9, there is a portion of the expansion chamber 7, which in turn 
is followed by portions of the regenerator-type heat exchan 
gers 16 and 15 arranged in pairs with portions of the expan 
sion chamber 7 interposed therebetween. Such arrangement 
continues almost in?nitely toward the apex of the cone. Thus, 
according to the present invention, the refrigeration apparatus 
is provided with numerous expansion stages each of which 
comprises one expansion chamber and one regenerator-type 
heat exchanger. 

Thus, the present invention can provide a refrigeration ap 
paratus which has numberless expansion stages and which is 
thermodynamically highly e?icient. Further, this refrigeration 
apparatus is of such a construction that gas passes through the 
clearance de?ned between the cylinder and the displacer and 
is surrounded by regenerator-type heat exchangers which also 
provide innumerable expansion chamber portions, and such a 
construction can eliminate the low-temperature seals as seals 
8b and 8c of FIG. 2 which have heretofore been used to divide 



3,636,719 
5 

the expansion chamber into a number of stages in the prior 
art. This in turn results in the elimination of the wasteful con 
sumption of the cold which would otherwise be induced by the 
friction heat of such seals and gas leakage through the seals, 
whereby there is provided a great industrial advantage includ 
ing an increased capacity of refrigeration and so forth. 

In the above-described embodiment of the present inven 
tion, it will be readily appreciated that one of the regenerator 
type heat exchangers l5 and 16 may be omitted if desired. 

Referring to FIG. 5, there is shown the piston-type refrigera 
tion apparatus according to another embodiment of the 
present invention. In this alternative form of the invention, the 
gas compressed by the compressor 1 has its pressure regulated 
by the high-pressure reservoir 1. When the piston 5 is at the 
lower dead point, the high-pressure valve 3 is opened to admit 
the gas through the regenerator-type heat exchanger 9 into the 
cylinder 4, where the gas exchanges heat with the regenerator 
type heat exchangers 15 and 16 while passing into the expan 
sion chamber 7. ‘When the piston 5 starts to move up, the low~ 
pressure valve 10 is closed so that the gas everywhere in the 
expansion chamber 7 effects adiabatic expansion to thereby 
produce cold. The work carried out by the gas with respect to 
the piston is absorbed by a brake 18 attached‘ to the crank 
mechanism 13 connected to the piston 5. When the piston 5 
reaches the upper dead point, the low-pressure valve 10 is 
opened and then the piston starts to move down. The cold gas 
within the expansion chamber 7 exchanges heat with the 
regenerator-type heat exchangers l5 and 16 and further with 
the regenerator-type heat exchanger 9, and thereafter passes 
through the low-pressure valve 10 and low-pressure reservoir 
11 into the compressor 1 again. Thus, one cycle of refrigera 
tion has been completed. Such a cycle is then repeated to cool 
the expansion chamber 7. 
The expansion chamber 7 of this apparatus is entirely the 

same in construction as that of FIG. 3, and accordingly the 
same in the principle and e?'ect of refrigeration. 

Referring to FIG. 6, there is shown a further example of the 
present invention which takes the form of the inverse stirling’s 
type refrigeration apparatus. As shown, the apparatus is 
driven from the motor 14. The drive from the motor is trans 
mitted to a crank 19, which in turn drives a compression 
piston '20 and an expansion piston 5. The expansion piston 5 is 
about 90° ahead in phase with respect to the compression 
piston 20. Because of such phase difference between the two 
pistons, the gas within a compression chamber 21 is com 
pressed when the compression piston 20 moves up, and the 
compressed gas is deprived of compression heat by a cooler 22 

and cooled to the room temperature, whereafter the passes through the regenerator-type heat exchanger 9 into the 

expansion chamber 7, which is entirely of the same construc 
tion as that of FIG. 3. The gas admitted into the expansion 
chamber 7 exchanges heat with the regenerator-type heat 
exchangers l5 and 16 while moving toward farthest end or top 
of the conical expansion chamber 7. When the crank 19 is 
rotated to lower the expansion piston 5, the gas everywhere in 
the expansion chamber 7 effects adiabatic expansion to 
thereby produce cold. As the crank is further rotated, the cold 
gas in the expansion chamber 7 is forced out by the lifting ex 
pansion piston 5, whereupon the gas well exchanges heat with 
the regenerator-type heat exchangers l5 and 16. Thereafter 
the gas cools the regenerator-type heat exchanger 9 and 
returns to the compression chamber 21. By that time, the 
compression piston 20 has already reached the lower dead 
point. Thus, one cycle of refrigeration has been completed, 
and such cycle is repeated so that the expansion chamber 7 
reaches extremely low temperatures while keeping a tempera 
ture gradient in the axial direction thereof. 
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6 
The embodiment of FIG. 6 has entirely the same expansion 

chamber 7 and accordingly the same refrigeration mechanism 
and effect as the embodiments of FIGS. 3 and 5. 

It will thus be appreciated that the present invention pro 
vides a novel refrigeration apparatus of very high ef?ciencg'. 

While various embodiments of the present invention ave 
been shown and described above, the present invention is in 
no way limited to such speci?c embodiments and many 
changes and modi?cation may be made therein without de 
parting from the spirit of the present invention. 
We claim: 
1. An expansion-type refrigeration apparatus comprising a 

cylinder, a movable displacer disposed within said cylinder so 
as to de?ne a compression chamber and an expansion 
chamber by cooperation with said cylinder, a regenerator-type 
heat exchanger connected between said compression chamber 
and said expansion chamber, drive means for imparting 
reciprocal movement to said displacer, compressor, a high 
pressure reservoir and a low-pressure reservoir connected to 
the high-pressure output and the low-pressure input of said 
compressor respectively, and a low-pressure valve and a high 
pressure valve provided with means for communicating said 
low-pressure and high-pressure reservoirs with said compres 
sion chamber when said displacer is positioned at the upper 
and lower dead points thereof, respectively, wherein the por 
tions of said cylinder and said displacer which de?ne said ex 
pansion chamber have conical shapes complementary to each 
other, and at least one of said conical portions of said cylinder 
and said movable member has the construction of a regenera 
tor-type heat exchanger having a good heat transfer rate and a 
large speci?c heat. 

2. An expansion-type refrigeration apparatus comprising a 
cylinder, a movable piston disposed within said cylinder so as . 
to de?ne an expansion chamber by cooperation with said 
cylinder, a regenerator-typeheat exchanger connected to said 
expansion chamber, a compressor, a high-pressure reservoir 
and a low-pressure reservoir connected the high-pressure out 
put and the low-pressure input of said compressor respective~ 
ly, a low-pressure valve and a high-pressure valve provided 
with means for communicating said low-pressure and high 
pressure reservoirs with said expansion chamber when said 
piston is at the upper and lower dead points thereof, respec 
tively, and means for absorbing the work effected with respect 
to said piston by said high-pressure gas, wherein the portions 
of said cylinder and said piston which de?ne said expansion 
chamber have conical shapes complementary to each other, 
and at least one of said conical portions of said cylinder and 
said piston has the construction of a regenerator-type heat 
exchanger having a good heat transfer rate and a large speci?c 
heat. 

3. An expansion-type refrigeration apparatus comprising a 
cylinder, a movable expansion piston disposed‘ within said 
cylinder so as to de?ne an expansion chamber by cooperation 
with said cylinder, a regenerator-type heat exchanger con 
nected to said expansion chamber at one side thereof, a com 
pressor having a cylinder and a compression piston wherein 
said cylinder is connected with the other side of said regenera 
tor-type heat exchanger, a gas cooler provided between said 
heat exchanger and said compressor, and means for driving 
said expansion piston and said compression piston with a 
phase difference of approximately 90° therebetween, wherein 
the portions of said cylinder and said expansion piston which 
de?ne said expansion chamber have conical shapes comple 
mentary to each other, and at least one of said conical por 
tions of said cylinder and said expansion piston has the con 
struction of a regenerator-type heat exchanger having a good 
heat transfer rate and a large speci?c heat. 


