ne /13/

8 towards reliable and easy
rsonnel, They are of

ssed cycle applications, such
2 imaging magnets. In this
y led to small scale

/14/ part of the “He gas of
heat exchanger thereby
acity at low temperatures.

. Kuriyama, and H.

oux, Cryocoolers 8 (1995),

H. Seshake, and T.
1206.

I Cryocooler Conf. (1993),

191.
1965), vol, 10 B , p.65.
Adv. Cryo. Eng. (1984),

14

¥

ng M. Petach, C

JGERATION 1995 - PROCEEDINGS VOLUME b

U CTEC
This review @f“ crypcoolers discusses the many advances that have ; :
types of cryocoolers in the last few years. Cryocoolers are small ve ; that rfﬂa(‘%;
cryogenic temperatures (I < 120 K). The upper limit of size for & uysmﬂ;@ as never been
well defined.  For this paper some discussion of small | ’%qzwﬁem is mchzf%e@ hm” ﬂw i
natural gas and industrial gas lquefiers are not included. Most applications of '
fequne only a few watts of w&lmg power, primarily in the temperature range of 10 1o 17} K.
In this paper there is little discussion of cryocoolers for temperatures around 4 K, since that
is the subject of another paper st this conference.

New applications of cryocoolers are appearing, and the requirements for old applications
are often undergoing changes. These new and changing cryocooler requirements have been
the impetus for the recent developments in cryocoolers. The lack of a suitable eryocooler
to meet the requirements of a particular application bas hampered the advancement of many
applications. For example, superconductivity most likely would be in wide spread use now
if it were not for the problems associated with the ecryocoolers needed to cool the
superconductors.  The main problems associated with cryocoolers are: uoreliability,
inefficiency, size, weight, vibration, and cost. The seriousness of each of these problems
depends on the application. Within the last 10 years satellite applications for cooled infrared
sensors have become much more important,  Obviously these applications require a
cryocooler with very high reliability (5 to 10 year lifetimes and no maintenance), high
efficiency, small size, low weight, and low vibration. Because only a few cryocoolers are
needed for this application at this time, cost has not been a serious problem. However, cost
and unreliability have been the major problems for most commercial applications,

APPLICATIONS AND REQUIREMENTS

Table 1 lists most of the current applications for cryocoolers, For many years the largest
application for cryocoolers has been for use by the military in cooling infrared sensors fo
gbout 80 K for tactical applications. Refrigeration powers range from gbout 0.25 W to aboui
2 V. Stirling cr yefm]n»? used p .f‘zly f@ ths apph@(mmz o the | have been
Mo o meet heé re mmm %” 1

moving  digplacer
semiconductor man
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1. Infrared sensors for atmospheric studie ellite) yzone hole and greenho |
effects
2. Infrared sensors for pollution monitoring
3. Cryotrapping air samples at remote locations
* Commercial
1. Hi-T, superconductors for cellular-phone base stations
Superconductors for high-speed communication
Superconductors for voltage standards
Semiconductors for high speed computers
. Cryopumps for semiconductor manufacture
. Low-level moisture sensors for ultrapure gases
° Medical
1. Cooling superconducting magnets for MRI systems
2. SQUID magnetometers for heart and brain studies
3. Liquefaction of oxygen for storage at hospitals and home use
4. Cryogenic catheters and cryosurgery
* Transportation
1. LNG for fleet vehicles
2. Superconducting magnets in maglev trains
3. Infrared sensors for aircraft night vision
° Energy
1. LNG for peak shaving
2. Liquefaction of natural gas at remote wells
3. Infrared sensors for thermal loss measurements
4. Supercond. mag. energy storage for peak shaving and power conditioning
e Agriculture and Biology
1. Storage of blood and semen
2. Storage of biological specimens
* Industrial
1. Sub-zero heat treatment of steels
2. Infrared sensors for process monitoring |

W

[T SN O ]

(=)

Table 1: Applications of cryocoolers

TYPES OF CRYOCOOLERS

heat

Cryocoolers are classified as recuperative types if they use only recuperati
exchangers or as regenerative types if they use at least one regenerative heat exchanger
(regenerator) /Ref.1/. Figure 1 shows the schematics of the most common recuperative and
regenerative cryocoolers. The recuperative types utilize a continuous flow of the refrig

in one direction, analogous to a DC electrical system. As a result, the compressor and any

expander must have inlet and outlet valves to control the flow direction, unless rotary or

oS58
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The recuperative heat exchan et

separate flow channels. In repenerative cycles the refrigerant undergoes an oscil g How
and an oscillating pressure analogous to an AC electrical systema.  The compressor, or
pressure oscillator, for the regenerative eycles needs no inlet or outlet valve. However, an
oscillating pressure can be generated from a valved compressor by using another set of valves
to switch between the high and low pressure sides of the compressor, The regenerator has
only one flow channel, and the heat is stored for a hallecyele in the regenerator matrix, which
must have a high heat capacity. Recent advances have occurred in all of these cryocooler
types, which are discussed below.

JOULE-THOMSON CRYOCOOLERS

Closed-cyele Joule-Thomson cryocoolers until recently have not been used in many
applications because of low cycle efficiency and poor reliability of the compressor.
Significant developments have occurred in the last few years regarding both of these
problems, which have now brought this cycle from one of neglect to one of 4 serious
contender for several applications. Plugging of the JT valve is still a persistent problem, but
use of selforepulating valves has eased the problem somewhat /Ref
smson eycle has an intrinsic i sl with the |
neds on t

T9TH INTER




.ﬁ,l
obscure Emimy Missimer /Ref 1e of this history and disc
trends regarding mixed re nwmmn in terms of their ozone depl
global warming potential (GWP). 1936 Podbielniak /Ref. 4/ re
the first use of mixed x@iugemnt&; ina 5‘1%1@ flow stream using a serie
and phase separators. In the liquefaction of natural gas, a separate refrigerant has
been used because of the impurities in the natural gas. Many stages of cooling are use
improve the efficiency. The classical cascade cycle uses propane, ethylene, and methane for
the three separate stages with a separate compressor for each stage /Ref. 5/. In 1959
Kleemenko /Ref. 6/ used a single flow stream which consisted of a gas mixture for the
liquefaction of natural gas. The best performance was obtained with a mixture of 65 mol%
methane, 20 mol% ethane, and 15 mol% normal butane. This single flow cycle had an
efficiency better than that with two flow streams. The single stream cycle is now known as
the mixed refrigerant cascade (MRC) cycle for the liquefaction of natural gas. It is
sometimes referred to as the auto-refrigerated cascade (ARC) or the Kleemenko cycle. It can
provide cooling at any number of stages through the use of phase separators and expansion
valves as shown in Figure 2. The phase separators allow only the liquid phase to be
expanded at each stage, thus maintaining a high efficiency in the expansion process. The
phase separators also are useful in reducing the amount of impurities, like water and oil, that
are passed on to lower temperatures. In 1972 Missimer /Ref. 7/ used this same cycle with
the addition of flow restrictions for added stability, but he replaced most of the hydrocarbons
in the gas mixtures with CFCs and used oil lubricated air conditioning compressors for the
cycle (known as the Polycold cycle) to provide about 300 W of refrigeration at 140 K.
Recently the CFCs in this cycle have been replaced with non-CFCs. The Polycold cycle has
been widely used for cold-trapping water vapor in vacuum systems.

In 1969 Fuderer and Andrija /Ref. 8/ were granted a German patent on a mixed
refrigerant cycle in which there were no phase separators nor intermediate expansion valves.
The entire mixed refrigerant was brought to the cold end for expansion through the one
expansion valve, just like the conventional Joule-Thomson cycle, except the refrigerant
consists of a gas mixture that is 100% liquid before expanding through the valve. This cycle
is useful for applications where there is little need for refrigeration at intermediate
temperatures. Temperatures down to 103 K were obtained by Fuderer and Andrija using a
gas mixture of equal molar amounts of nitrogen, methane, ethane and propane and a 40:1
pressure ratio. Unfortunately, their work received little attention. They pointed out that
because the mixture is in the two phase region in the heat exchanger, much greater heat
transfer coefficients are possible compared with pure gas streams. In 1973 Alfeev et al. /Ref.
9/ from the Soviet Union used a similar mixture (30 mol% nitrogen, 30 mol% methane, 20
mol% ethane, 20 mol% propane) to achieve a temperature of 78 K using a 50:1 pressure

Natural gas
(1reated & dned)

axchanger 3 oxchaimm 4
[l Separator 1 Separator 2 Separator 3
Figure 2. Schematic of a three stage mixed refrigerant cascade (MRC) cycle used for

the liquefaction of natural gas.
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to increase efficiency and to reduce the pressure needed to reach 80 ¥,
The refrigeration power of a Joule-Thomson or throttle refrigerator is given by

(T, P

- filg/l>'§ min ¢

abk

{ow

; 2 J Eral 3
Q,—ef ”Eh(’f9 F min®
where 7 is the molar flow rate and Ah,;, is the minimum difference in the molar enthalpies
between the low and high pressures streams for all temperatures between the two ends of the
heat exchanger. The ideal work of compression is given by

Wt = WB(T,, 1

ideal llgh) h<j Plow) Fog*(’{gw p}slgh} S(IO? ‘giow}y F/g‘&‘gO 4 { /
where s is the molar entropy and Ag, is the change in the molar Gibbs free energy at the
compression temperature 7,. The ideal coefficient of performance COP of the refrigerator
is given by

S

cop s f} / Wos Ab Ihg, .

tdgal win
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Figure 3. (a) Molar enthalpy of 65 mol% nitrogen-35 mol% propane.

(b) Normalized enthalpy difference between 0.1 MPa and 5 MPa for 5
mixtures discussed in the text.

for temperatures down to 230.7 K, but it cannot be used for cooling below that temperature
with a low pressure of 0.1 MPa. For a mixture of 65 mol% nitrogen and 35 mol% propane
the Ah/Ag, curve in Figure 3b shows large values at both the high and low temperatures, but
lower values at intermediate temperatures. Since the minimum value of Ah/Ag, determines
the cycle COP, this binary mixture has a COP of 0.0941 for temperatures below 160 K,
which is over three times higher than that of pure nitrogen. In order to increase the Ah/Ag,
at intermediate temperatures, gases which have intermediate boiling points must be added to
the mixture. For example, see curve 4 in Figure 3b, which is the four component mixture
used by Alfeev et al. /Ref. 9/. Here the COP has been increased to 0.103 for a temperature
of 80 K, resulting in a relative Carnot efficiency of 28.3% for the ideal cycle. This ideal
efficiency is only 3.5 times that of pure nitrogen, so the factor of 10 improvement seen in
the experiments could be due to the enhanced heat transfer in the heat exchanger when a two-
phase fluid is present. The mixture chosen by Alfeev is seriously limited in the Ah/Ag,
values at high and low temperatures in Figure 3b (curve 4) due to a lack of nitrogen and
propane and too much methane and ethane. The addition of more nitrogen and propane (or
isobutane) as shown by curve 5 in Figure 3b increases the ideal COP to about 0.20 at 90 K
and 0.19 at 80 K. At 80 K the relative Carnot efficiency is 52% for the ideal cycle. Further
studies of optimum mixtures and of heat transfer in multicomponent, two-phase mixtures are
needed to further improve the Joule-Thomson or throttle cycle. Further studies are also
needed regarding the freezing point of gas mixtures, including gases with trace amounts of
water and oil. There are very little experimental data on the freezing point of gas mixtures.

Sorption Compressors
In an effort to eliminate the only moving part in the Joule-Thomson cyc

the reliability of this cycle, the mechanical compressor has been replaced by sorption
compressors in many recent studies. The sorption compressors also eliminate any vibration
Alternate heating and cooling of the sorption compressors cause a circulation of the
refrigerant. This subject has been reviewed recently by Wade /Ref, 16/. The only moving
parts in the sorption compressors are check valves which operate once every few minutes to
cause steady flow in one direction. Unfortunately, the sorption compressors have only been
used with pure gases, which limits their efficiency unless many stages are used. Sor ption of
mixed gases may be possible in principle if the selective nature of sorption can be overcome.

le and impr
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cooling at 65 K. Turbomachines with gas bearings are
expander. The working fluid i
of 1.6. A specific power of 43

cryocooler. With a cold temperature of 65 K and a reject te )
efficiency is 7.7%. Though the turbomachines are very small (15 mm dis I COmMpressor
impeller and 3.2 mm diameter expander rotor) the heat exchanger is quite large (90 mm
diameter by 533 mm in length). The total system mass is 11.9 kg, with the heat exchanger
comprising 52% of the total mass. The heat exchanger used 300 slotted copper disks with
slots 0.1 mm wide by 3 mm long. The high cost of the turbo-Brayton cryocoolers limits their
use to space applications in which high reliability, high efficiency, and very low vibration are
needed. An even smaller turbo-Brayton cryocooler is now being developed by McCormick
et al. /[Ref. 25/. Their goal is to provide 2 W of refrigeration at about 65 K with less than
100 W of input power.

STIRLING CRYOCOOLERS

Most of the recent developments in Stirling cryocoolers have involved methods to
improve reliability. Linear motor drives have replaced rotary motor drives in most
applications because they eliminate many moving parts and reduce side forces between the
piston and cylinder. Lifetimes of about 4000 hours are now routine for linear compressors
with dry rubbing contact. Recent work by Pruitt /Ref. 26/ has shown lifetimes in excess of
15,000 hours in linear compressors with rubbing contact. Wearout times of 3 years may be
possible in some cases using improved materials for the rubbing contact. Such lifetimes may
be sufficient for many commercial applications. The 5 to 10 year lifetimes needed for
satellite applications as well as for some commercial applications can only be achieved when
all rubbing contact is eliminated. Non-rubbing operation is achieved with piston devices by
using flexure, gas, or magnetic bearings, or with diaphragm devices in which a flexing
diaphragm causes compression and expansion of the working gas. Efficiencies for the
conversion of electrical power to PV power have been as high as 85% in these linear
compressors when operating at resonant frequencies.

Vibration caused by the reciprocating motion is reduced by using dual opposed pistons,
a passive balancer, or an active balancer. Vibration forces of about 1 N are typical in such
cryocoolers that have input powers of the order of 100 W. Significant advances have been
made in further vibration suppression in flexure-bearing cryocoolers by using active harmonic
nulling with dual opposed pistons /Ref. 27/. Axial vibration forces are often reduced to less
than 0.1 N with this technique, though radial vibration forces remain unchanged at about 1 N
/Ref. 28/,

Flexure Bearings

The most common technique for eliminating rubbing contact uses flexure bearings to
support the piston and displacer inside their corresponding cylinders without any contact. A
clearance gap of 10 to 20 pm provides the necessary flow impedance to serve as a dynamic
seal. Figure 4a shows a simplified cross-section of a typical Stirling compressor with flexure
bearings. A similar arrangement is used to support the displacer. In practice most
compressors use two opposed pistons to eliminate most of the vibration. The flexure bearings
provide a stiff support in the radial direction and act as a weak spring in the axial direction.
Though flexure bearings have been used previously in many other devices, they were first
used in Stirling cryocoolers in the early 1980s by Davy of the University of Oxford. Thus,
the name Oxford-style Stirling cryocoolers is often used to describe these flexure supported
cryocoolers. Davy /29/ reviews the development of these cryocoolers, which are now
manufactured for space applications by several companies.

Figure 4b shows the geometry of the spiral flexure bearing commonly used for the
Oxford-style Stirling cryocoolers. Both beryllium copper and spring-grade stainless steel
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Figure 4. (a) Cross-section of the Oxford-style linear compressor showing the use of
flexure bearings. (b) Two types of flexure bearings.

have been used for these flexures, which are fabricated with photoetching techniques. A new
flexure geometry proposed by Wong ef al. /Ref. 30/, also shown in Figure 4b, uses linear
arms instead of spiral arms. Marquardt and Radebaugh /Ref. 31/ have shown that this new
design should have much greater radial stiffness than the spiral design for the same stress

level in the flexure. There is currently some speculation that the inear flexure beag
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Diaphragm Compressors and Expanders

A Ti-6Al1-4V diaphragm with a flexible outer ring (similar to loudspeaker construction)
has been used in both the compressor and expander assemblies of a single-stage 65 K Stirling
cryocooler /Ref. 37/ and in a two-stage 30 K Stirling cryocooler /Ref. 38/. This construction
eliminates the need for clearance gaps and precise alignment. Such diaphragm devices tend
to have short strokes and large diameters. The diaphragms were made double acting, which
meant that the regenerator also functioned as a recuperative heat exchanger between the gas
flowing in opposite directions in the two separate systems.

PULSE TUBE CRYOCOOLERS

The three main types of pulse tube cryocoolers as discussed by Radebaugh, et al. /Ref.
39/ are the basic, resonant (or thermoacoustic), and orifice. The orifice pulse tube refrigerator
(OPTR) is the only one which achieves cryogenic temperatures and is the only one
considered in this review. Because the OPTR has no moving parts at the cold end, it has the
following advantages over the Stirling cryocooler: (a) more reliable, (b) lower cost, (c) lower
vibration, (d) lower EMI, (e) less sensitive to side loads, and (f) better launch survivability.
However, until the last few years, its efficiency was much less than that of the Stirling
refrigerator. The latest review of pulse tube refrigerators was by Radebaugh in 1990 /Ref.
40/.

The OPTR operates with an oscillating pressure, which can be provided with a
compressor like that of the Stirling refrigerator. Alternatively, the oscillating pressure is
sometimes provided with a Gifford-McMahon compressor and valves, with a considerable
sacrifice in efficiency. A brief description of the operating principle is given here and refers
to Figure 1d. The OPTR operates on a cycle similar to the Stirling cycle except the proper
phasing between mass flow and pressure is established by the passive orifice instead of the
moving displacer. As the gas is compressed adiabatically in the pulse tube, it is heated.
About one-third of this hot, compressed gas flows through the os
(where the pressure is always at the average pressure) and tras
exchanger. As the gas in the pulse tube is expanded adiabatically, it is cooled. The cold

xpanded gas is forced past the cold heat exchanger
he orifice into the pulse tube, where
volume of gas to maintain a temper e gradient between the hot ar d colc
tube. Any mixing or turbulence within the buffer volume introduc ]
end. Rawlins er al. /Ref. 41/ have shown experimentally that the time-averaged
flow (equal to the gross refrigeration power) is only 55 to 85% of the ideal value. Th
tube loss becomes one of the largest in the entire pulse tube refrigerator. The detaile
dynamics within the pulse tube are just beginning to be understood. Recently Lee et al. /K« ef.
42/ used a visual smoke-wire technique to observe radial mixing and flow streaming over the
length of the pulse tube.

The analytical model developed at NIST in the late 1980s /Ref. 40/ for the OP

ce to the reservoir vol

t to the hot heat

the gas in the reservoir flows through

ex
4

pressure is low. The pulse tube i“* vides
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Improved Efficiencies

At the time of the latest review of pulse be refrigerators in 1990 /Ref 40/, efficiencies
of the OPTR were still several times less than that of Stirling refrigerators. The low
efficiency kept # from being used for most applications in spite of its many advantages
compared with the Stirling refrigerator. Since 1990 several advances have been made in
pulse tube refrigerators which have allowed them to achieve efficiencies nearly as high as
that of Stirling refrigerators, A large OPTR constructed at NIST in 1991 produced 31.1 W
of refrigeration at 80 K with a PV power input of 602 W at 3 rejection temperature of 316 .
The relative Carnot efficiency was 15.3% for PV work and 13% for electrical input power
if the compressor were 85% efficient (typical of recent linear compressors). The avera
operating pressure was 2.5 MPa and the frequency was 4.

Improved efficiencies at higher 5)1}6%&%&3@ i%@qu@nw
introduction of the double iﬂlm <“0¥§GP“‘7§‘ ir
'wwmi orifice {often w
i §. {The muld
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Aot Multi-inlet

Compressor

J
Cold Hx Secondary
Cold Hx orifice
Figure 5. Schematic of the double inlet pulse tube refrigerator in which a secondary

J
orifice is used. The mult-inlet concept for staging is also shown.

discussed. The lowest power OPTR is the miniature one by Chan et al. /Ref, 48/, The two
mid-size OPTRs are the same device with different input powers and different cold end
temperatures /Ref. 50/. Figure 6 shows that the efficiencies of the latest pulse tube
cryocoolers is almost as high as the best Stirling cryocoolers of a comparable size. Because
of their high efficiency as well as many advantages over Stirling refrigerators, pulse tube
refrigerators have been selected to cool the Atmospheric Infrared Sounder (AIRS), an
important instrument used for the Earth Observing System (EOS) satellites in the study of
the ozone hole and greenhouse effects.

25 T T T T T T T T T T T T TTTTI
. 80 35K
— + O Q Pulse Tube
= o0
(% - A A a Stirling
O B 80 65 30 K
© 15
o
5
2 10
C
TH
LL
w 5
Ul,,I,J,I,iIIHJ vl NN RN R N A RS T
10 10 102 10® 104
COMPRESSOR INPUT POWER (W)
Figure 6. A comparison of the efficiency of pulse tube refrigerators with that of

Stirling refrigerators.
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?Qﬁp@mim@, Two methods exist for the stagi :
The first uses & separate pulse tube and regenerato 3
pulse tube at ambient temperature (parallel mgn%mmm) )‘{f ﬁ‘z@ ;}HIS@ tube losses are too
great for the second and lower siages, then their warm ends can be thermally anchored to the
cold end of the next higher stage (series arrangement). rih@&@ two arrangements, or ¢
combination of the two, lead to the use of many pulse tubes, which may be cumbersome.

A new orifice arrangement, used by Zhou and Han in 1992 /Ref. 53/ and called & multi-
inlet pulse tube, is in fact a new technique for staging, although it was not recognized as such
by the authors. This arrangement, as shown in Figure 5 and known as the multi-inlet
arrangement, uses a middle orifice to allow a portion of the gas to enter the pulse tube at an
intermediate temperature, thereby producing refrigeration at that location. This staging
arrangement maintains the simple geometrical arrangement of a single pulse tube, although
it would normally have a change in diameter at the tube junction to maintain a constant 248
velocity in the pulse tube, Zhou and Han §Emw%d that the use of this middle orifice lowered
the cold end temperature from 59 K to 33 K. The lowest temperature achieved with a mﬂ%
tube refrigerator was 3.6 K by Matsubara and Gao in 1994 /Ref 54/ using a three stage
paratiel m‘mug}&m ent with an mm«,ml mgw@mtwo mﬁs af ilm Wazm end of the third
pulse fube, This i ¢
even though the j
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Figure 7. Schematic of the thermoacoustically driven orifice pulse tube refrigerator
(TADOPTR), which has no moving parts.

operating at 400 Hz using a 1 m long TAD. By taking advantage of the large phase shift in
the pressure between the two ends of the pulse tube that occurs when the acoustic wavelength
is not long compared with the pulse tube length, they could reduce the regenerator loss.
Work is currently in progress under a joint program between NIST, Los Alamos National
Laboratory, and Cryenco to develop a 1900 L/day gas-fired TADOPTR to provide liquefied
natural gas as an alternative fuel for fleet vehicles. It is estimated that about 30% of the gas
would be burned to liquefy the remaining 70%. By comparison, very large liquefaction
plants burn about 15% of the gas, but they require considerable maintenance. Such
maintenance would not be economical for small systems. Overall system efficiencies for the
TADOPTR are highest when primary heat sources are used rather than electric heaters.

GIFFORD-McMAHON CRYOCOOLERS

Gifford McMahon cryocoolers use oil-lubricated compressors made by the millions for
the air conditioning industry., Even though they are modified for use with helium gas, their
cost is quite low. The oil removal equipment is placed in the high pressure line ahead of the
switching valve that generates the oscillating pressure. These cryocoolers are most commonly
used in two-stage versions for cryopumps operating at temperatures of about 15 K. This is
the largest commercial application of cryocoolers. The Gifford-McMahon cryocooler is also
used for cooling shields to 10 to 15 K in MRI systems to reduce the boiloff rate of liquid
helium or for direct cooling of Nb,Sn superconducting magnets to 10 K. Most of the recent
developments in Gifford-McMahon cryocoolers have involved the use of high heat capacity
regenerator materials to reach temperatures of 4 K without the aid of a Joule-Thomson stage.

Since this review focuses on temperatures above 4 K, these developments are not discussed
here.

SUMMARY

Many recent advances in both recuperative and regenerative cryocoolers are discussed.
Temperatures above 4 K are the primary focus of this review. Applications for such
cryocoolers are presented and the requirements which these applications impose on the
cryocoolers are reviewed. Many applications have been hampered by the lack of a suitable
cryocooler. Recent developments in some cryocoolers have made some applications much
more likely. Most applications require improved reliability. For space applications the
additional requirements of high efficiency and low weight are needed, whereas for
commercial applications low cost is a primary factor. Recent developments to meet some
of these requirements include the use of flexure and gas bearings to eliminate rubbing contact
in compressors and displacers, pulse tube refrigerators to eliminate the moving displacer in
Stirling refrigerators, the use of gas mixtures to improve efficiency of Joule-Thomson
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