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ABSTRACT
Many next-generation spaceborne electro-optical devices and emerging terrestrial superconGXFWLQJGHYLFHVQHHGWREHRSHUDWHGQHDU.DQGWKXVUHTXLUHHI¿FLHQWFRROLQJLQWKLVWHPSHUDWXUH
UDQJH7KHWKHUPDOHI¿FLHQF\RIFXUUHQWVLQJOHVWDJHUHJHQHUDWLYHFU\RFRROHUVLVODUJHO\KDPSHUHG
by the limited heat capacity of regenerators at this low temperature range. To overcome this limitation, Creare has developed a reliable process to deposit a layer of high heat capacity material on a
regenerator matrix. The coating process has features to enhance the adhesion of the coating on the
VXEVWUDWHDQGXQLIRUPLW\RQWKHPDWUL[HOHPHQWV7KLVSDSHU¿UVWSUHVHQWVPHDVXUHGKHDWFDSDFLW\
and pressure drop of coated regenerators, and compares them with results for an uncoated regenerator. Next, the paper presents the enhanced performance of Sunpower Inc. cryocoolers that have
incorporated the coated regenerator elements.
INTRODUCTION
Many of NASA’s planetary missions require small, long-life, low-cost, low-vibration coolers
WRSURYLGHUHOLDEOHFRROLQJIRUGHWHFWRUVDQGVHQVRUV,QWKHVHPLVVLRQVSRZHULVPRUHGLI¿FXOWWR
JHQHUDWHGXHWRDPXFKORZHUVRODUÀX[&RQVHTXHQWO\UHGXFLQJWKHFU\RFRROLQJV\VWHPV¶SRZHULV
even more critical than for earth-orbiting satellites. Reducing mass is also extremely important in
missions that involve landing on another planet. The development of current cryocooler technology
for space, however, has been driven almost exclusively by satellites in low earth and geosynchronous
orbits where spacecraft heat rejection temperatures are typically between 300 K to 320 K. These
FU\RFRROHUVDUHQRWDEOHWRHI¿FLHQWO\WDNHDGYDQWDJHRIWKHFU\RJHQLFKHDWVLQNVDYDLODEOHGXULQJ
planetary missions to reduce cooler size, mass, and power input. Furthermore, next-generation
HOHFWURRSWLFDOGHYLFHVVXFKDVVXSHUFRQGXFWLQJ0J%WKLQ¿OPERORPHWHUVZKRVHFULWLFDOWHPSHUDWXUHLVDERXW.>@UHTXLUHHI¿FLHQWFRROHUVWKDWFDQPDLQWDLQWKHLURSHUDWLQJWHPSHUDWXUH
EHORZ.&XUUHQWPLQLDWXUHUHJHQHUDWLYHFU\RFRROHUVFDQQRWSURYLGHHI¿FLHQWFRROLQJDWWKLV
WHPSHUDWXUHUDQJHGXHWRWKHSRRUWKHUPDOHI¿FLHQF\RIWKHLUUHJHQHUDWRUV)RUWKHVHUHDVRQVXQGHU
a NASA SBIR program, Creare and Sunpower developed and demonstrated a low-temperature StirOLQJFU\RFRROHUWKDWHPSOR\VDQDGYDQFHGUHJHQHUDWRUWRHI¿FLHQWO\SURYLGHFRROLQJDW.ZKLOH
UHMHFWLQJKHDWDW.7KHFRROHUXVHVDPRGL¿HGYHUVLRQRI6XQSRZHU¶VFRPPHUFLDOO\DYDLODEOH
compressor and displacer and an advanced coated regenerator to provide high performance with
low development costs.
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SHORTCOMINGS OF CURRENT SMALL, LOW-TEMPERATURE REGENERATIVE
CRYOCOOLERS
Most low-cost, small-scale cryocoolers for tactical and low-cost space applications are regenerative cryocoolers. These coolers can achieve as high as 20% of Carnot COP when providing
FRROLQJDWQHDU.DQGUHMHFWLQJKHDWDW.+RZHYHUWKHHI¿FLHQF\RIWKHVHVPDOOFRROHUV
drops off very rapidly as the cooling temperature decreases, and there is typically no net cooling at
temperatures below 40 K. There are no existing single-stage Stirling cryocoolers that can operate
HI¿FLHQWO\WRSURYLGHFRROLQJDW.DQGUHMHFWKHDWDW.7KHSRRUSHUIRUPDQFHLVPDLQO\FDXVHG
by the performance degradation in the regenerator at lower temperature. Secondary performance
SDUDPHWHUVVXFKDVLQWHUQDOVHDOOHDNDJHUXQQLQJFOHDUDQFHLQSLVWRQDQGGLVSODFHUDQGG\QDPLFV
of displacer are important, but can be addressed by minor design changes.
5HJHQHUDWRU7KHUPDO3HUIRUPDQFHLV&ULWLFDOWR&RROHU(I¿FLHQF\
The performance degradation at low temperature is mainly caused by the poor performance
of the regenerator, which directly affects the gas temperature entering the expansion space. The
temperature difference between the gas entering the expansion space and the cooler’s cold end must
EHYHU\VPDOO7KLVWHPSHUDWXUHGLIIHUHQFHUHSUHVHQWVDKHDWOHDNWRWKHFROGHQGWKDWZLOOSURSRUWLRQally reduce the net cooling power for the cryocooler. Minimizing this temperature difference is the
NH\WRDFKLHYLQJKLJKHI¿FLHQFLHVDQGORZFRROLQJWHPSHUDWXUHVIRU6WLUOLQJFU\RFRROHUVDVZHOO
as for other types of regenerative cryocoolers. This can be achieved by enhancing the heat transfer
EHWZHHQWKHJDVÀRZDQGWKHUHJHQHUDWRUPDWUL[WRUHGXFHWKHWHPSHUDWXUHGLIIHUHQFHEHWZHHQWKH
gas and the matrix, and by using matrix material with high volumetric heat capacity to reduce its
cyclical temperature change. Finding appropriate matrix materials that have high volumetric heat
capacity at low temperature and are suitable for regenerator fabrication, however, is very challenging.
5HJHQHUDWRUVKDYH/RZ+HDW&DSDFLW\DW/RZ7HPSHUDWXUH
$WORZWHPSHUDWXUHWKHVSHFL¿FKHDW Fp) of regenerator matrix materials falls off sharply with
GHFUHDVLQJWHPSHUDWXUHV 7 EHORZDERXW. )LJ SURSRUWLRQDOWRWKHFXEHRIWKHWHPSHUDWXUH
Fp v T3 DFFRUGLQJWR'HE\HWKHRU\7KHGHFUHDVHLQVSHFL¿FKHDWVXEVWDQWLDOO\UHGXFHVWKHWKHUPDOPDVVRIWKHUHJHQHUDWRUDWWKHFROGHQGOLPLWLQJLWVFDSDFLW\WRFRROWKHJDVÀRZLQJWRWKHFROG
expansion space. The low thermal capacity in the regenerator causes a large temperature swing

Figure 1 Volumetric heat capacity of some candidate materials at low temperature.
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GXULQJSHULRGLFKHDWWUDQVIHUDQGVLJQL¿FDQWO\UHGXFHVWKHHI¿FLHQF\RIWKHUHJHQHUDWRU7KHUHJHQHUDWRU
ineffectiveness is a strong function of the heat capacity ratio of the regenerator matrix to the helium shuttle
mass. For the same heat transfer performance, reducing the heat capacity ratio can increase the ineffectiveness several-fold [2]. Reducing the thermal effectiveness in the regenerator substantially reduces the
cryocooler’s net cooling power and limits its ability to reach very low temperatures.
The problem of low thermal capacity in low-temperature regenerators cannot be solved by simply
increasing the regenerator size. Increasing the size of a regenerator will increase its heat transfer area and
KHDWFDSDFLW\+RZHYHUWKHVHEHQH¿WVDUHRIIVHWE\WKHSHQDOWLHVRIDODUJHUKHDWORDGLQDUHJHQHUDWRUGXH
to a larger regenerator void volume. A larger void volume increases compression heating and expansion
FRROLQJDVVRFLDWHGZLWKWKHSUHVVXUHRVFLOODWLRQLQWKHUHJHQHUDWRUDQGDOVRLQFUHDVHVWKHJDVÀRZUDWHDW
the warm end of the regenerator because of a larger dead volume, requiring a larger compressor.
)DEULFDWLQJ5HJHQHUDWRUIURP0DWHULDOVZLWK+LJK+HDW&DSDFLW\DW/RZ7HPSHUDWXUH
Current research efforts on enhancing low-temperature regenerator performance focus on developing methods to fabricate the regenerator matrix out of compounds that have relatively large
volumetric heat capacities at low temperatures in the vicinity of their magnetic ordering transition
WHPSHUDWXUHV )LJ +RZHYHULWLVYHU\GLI¿FXOWWRXVHWKHVHFRPSRXQGVWRSURGXFHVPDOOXQLIRUP
VSKHUHVIRUSDFNHGEHGVRUPHVKVFUHHQZLWKWKLQZLUHVIRUDSODWHVWDFN>@)RUWKHVHUHDVRQVD
practical approach is needed to fabricate a regenerator with high heat capacity compounds with
XQLIRUPGLPHQVLRQVWRSURPRWHXQLIRUPÀRZGLVWULEXWLRQLQWKHUHJHQHUDWRUDQGHQKDQFHWKHHIIHFtive heat capacity of the regenerator.
OVERALL TECHNICAL APPROACH FOR EFFICIENT A 30 K STIRLING COOLER
2XUDSSURDFKIRUD.FRROHUZLWKD.KHDWVLQNLVDPRGL¿HGYHUVLRQRID6XQSRZHU&U\R7HO®
Model DS 1.5 cryocooler enhanced with a proprietary high heat capacity coated regenerator, as shown in
)LJ6XQSRZHU¶VPLQLDWXUH6WLUOLQJFRROHUVDUHDPRQJWKHPRVWHI¿FLHQWFRROHUVFRPPHUFLDOO\DYDLODEOH
The Model DS 1.5 cryocooler uses a dual-opposed-piston pressure wave generator and a separate cold
head to minimize exported vibration at the cooling surface. The cooler employs a gas bearing technology to prevent piston contact and thus enhance the cooler reliability. When rejecting heat at about 300 K,

)LJXUH  +LJKO\ HI¿FLHQW ORZFRVW UHOLDEOH FU\RFRROHU ZLWK FRDWHG UHJHQHUDWRU 7KH DGYDQFHG
UHJHQHUDWRUHQDEOHVDPRGL¿HG6XQSRZHU'6FRROHUWRSURYLGH:FRROLQJDW.ZLWKD.KHDW
VLQNDQGDQLQSXWSRZHURI:7KHFRROHULVEXLOWRQWHFKQRORJLHVWKDWFDQDFKLHYH0HDQ7LPHWR)DLOXUH
RIKU7KHFXUUHQWSURWRW\SHFRROHUPDVVLVDERXWNJDQGFDQEHUHGXFHGWREHORZNJIRUD
ÀLJKWFRROHU7KHFXUUHQWEUDVVERDUGFRPSUHVVRUKDVDQRYHUDOOGLDPHWHUDQGOHQJWKRIPPDQGPP
UHVSHFWLYHO\DQGFDQEHUHGXFHGWRPPDQGPPIRUDÀLJKWFRROHU
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EDVHGRQSXEOLFOLWHUDWXUHWKHWKHUPDOHI¿FLHQF\LWDFKLHYHVLVWKHKLJKHVWDPRQJWKHFRROHUVZLWKFRROLQJ
capacity in the range of 0.5 to 2.5 W. This cooler is built on technologies that can achieve a Mean Time
to Failure of 120,000 hr.
COATED REGENERATOR FABRICATION
To overcome the challenges in existing approaches to fabricate regenerators with high heat capacity compounds, Creare’s approach is to develop a sputtering deposition process to apply coatings to a
WKUHHGLPHQVLRQDOSRURXVUHJHQHUDWRUVFDIIROGPDGHRIIRUH[DPSOHVWDFNHGVWDLQOHVVVWHHO 66 VFUHHQ
RUUDQGRP66¿EHUVWRLQFUHDVHWKHLUHIIHFWLYHKHDWFDSDFLW\DQGWKXVLPSURYHUHJHQHUDWRUSHUIRUPDQFH
Sputtering is a simple, low-cost baseline approach that allows very good alloy composition control.
7KHDGYDQWDJHVRIVSXWWHULQJ DQGVHYHUDORWKHU39'FRDWLQJDSSURDFKHV RYHUQRQ39'FRDWLQJDSproaches include the ability to deposit high purity alloys to tune the alloy composition, and the ability to
tune the coating mechanical properties. Electroplating, on the other hand, cannot typically deposit alloys,
offers little control of the coating area, requires compatibility with hazardous chemical baths, and generates
liquid hazardous waste. Coating by dip-coating in molten alloy or thermal spraying is unsuitable because
WKHVHWHFKQLTXHVZRXOGSOXJWKH¿QHVFUHHQKROHV
We developed a proprietary custom sputtering facility and coating deposition process to produce
KLJKTXDOLW\FRDWHGUHJHQHUDWRUVFDIIROGV7KHDYHUDJHFRDWLQJWKLFNQHVVFDQEHFRQWUROOHGE\WKHVSXWWHULQJJXQLQSXWSRZHUVDQGWKHWRWDOFRDWLQJWLPH7KHUHVXOWLQJDOOR\FRDWLQJRQWKH¿EHUVRIWKHVLQWHUHG
GLVNVLVUREXVWDQGGLVWULEXWLRQRIWKHFRDWLQJRQWKH¿EHUVLVVXI¿FLHQWO\XQLIRUPDVVKRZQLQWKH)LJ
Separate effects testing shows that the adhesion of the coating to substrate is strong enough that cutting
GLVNVXVLQJDQ$UFKSXQFKIURPDVKHHWRIFRDWHGVXEVWUDWHPDWHULDOGRHVQRWUHVXOWLQVLJQL¿FDQWGDPDJH
to the coating or production of loose particles. Repeated thermal cycling of the coated regenerator
material from room temperature to normal liquid nitrogen temperature shows no sign of coating
delamination.
TESTING OF COATED REGENERATOR SPECIFIC HEAT AND PRESSURE DROP
7HVW6HWXS
6KRZQLQ)LJLVWKHFU\RJHQLFWHVWVHWXSXVHGWRPHDVXUHWKHWKHUPDOZDYHEUHDNWKURXJKWLPH
DFURVVWKHUHJHQHUDWRU+HOLXPIURPDUHVHDUFKJUDGHJDVF\OLQGHULV¿UVWSDVVHGWKURXJKDPDVV
ÀRZPHWHUDQGWKHQWKURXJKDJDVFOHDQLQJVXEV\VWHP QRWVKRZQ WRUHPRYHFRQWDPLQDQWV1H[W
it passed through a cold plate attached to a GM cold head to cool down to about 30 K. Finally, it is
passed through a heater and then enters the regenerator. At the beginning of each test, the heater was
disabled and the entire regenerator was cooled down to a temperature very close to the temperature
VHWSRLQWRIWKH*0FROGKHDG2QFHWKHUHJHQHUDWRUWHPSHUDWXUHUHDFKHGDVWHDG\VWDWHWKHWKLQ¿OP
KHDWHUZDVWXUQHGRQWRUDSLGO\UDLVHWKHWHPSHUDWXUHRIWKHKHOLXPÀRZHQWHULQJWKHUHJHQHUDWRU
by 2 K to 3 K. After the thermal wave passed through the regenerator, the heater was turned off,

)LJXUHScanning electronic scope images of cross-sectioned coated regenerator scaffold. The scaffold
appears medium gray and the coating appears light gray.
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)LJXUHTest setup to characterize subscale regenerator heat capacity and thermal performance.

introducing another thermal wave through the regenerator, which cooled the regenerator by 2 K to
.EDFNGRZQWRWKHFROGKHDGWHPSHUDWXUH
7RUHGXFHSDUDVLWLFKHDWLQJLQWRWKHUHJHQHUDWRUZHSODFHGDFRROLQJVKURXG DWLJKWO\VSDFHG
FRSSHUFRLO DURXQGWKHUHJHQHUDWRU7KHFRROLQJVKURXGZDVFRROHGE\WKHH[KDXVWÀRZIURPWKH
regenerator. A relatively high-speed data sampling rate of 100 Hz was used to measure and record
WKHWUDQVLHQWJDVÀRZWHPSHUDWXUHVDWWKHLQOHWDQGRXWOHWRIWKHUHJHQHUDWRU
0HDVXUHG+HDW&DSDFLW\
6KRZQLQ)LJDUHWKHLQOHWDQGRXWOHWÀRZWHPSHUDWXUHSUR¿OHVLQDW\SLFDOWUDQVLHQWWKHUPDO
WHVW7KHWKHUPDOEUHDNWKURXJKWLPHZDVFDOFXODWHGIRUHDFKWHVWDQGDVLPSOHDOJRULWKPZDVXVHG
WRGHWHUPLQHWKHWHPSHUDWXUHOLIWRIISRLQWRIHDFKFXUYHWRHQKDQFHWKHFRQVLVWHQF\RIWKHEUHDNWKURXJKWLPHPHDVXUHPHQW6KRZQLQ)LJLVDVXPPDU\RIWKHPHDVXUHGKHDWFDSDFLW\YDOXHVRI
the regenerator materials. The measured values are close to the predicted values at temperatures
higher than 40 K, but are slightly lower than predicted values as the temperature decreases below
40 K. The heat capacity of the coated regenerator matrix is about 2.4 times that of the uncoated
scaffold. Based on the measured values and the target regenerator operating conditions, the heat
capacity of the coated regenerator matrix is about 4.0 times that of the helium shuttle mass at 40 K
and about 2.5 times at 30 K.

)LJXUH 7\SLFDOVDPSOHLQOHWDQGRXWOHWWHPSHUDWXUHGXULQJWKHUPDOZDYHEUHDNWKURXJKWHVWLQJ
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)LJXUH Comparison of measured heat capacity of coated samples to predicted values based on the
mass of the scaffold and coating materials. The measured values are slightly lower than the predicted values
DWWHPSHUDWXUHVEHORZ.7KH³%XON&RDWLQJ0DWHULDO´FXUYHDVVXPHVWKHGLVNVDUHHQWLUHO\PDGHRI
coating material with the same volume.

0HDVXUHG3UHVVXUH'URS
Shown in Fig. 7 are comparisons of the pressure drops across the coated sample with those
across the uncoated samples. The pressure drop across the coated sample is 1.84 times that of the
XQFRDWHGGLVNV7KHKLJKHUSUHVVXUHGURSVDFURVVWKHFRDWHGGLVNVZHUHH[SHFWHGGXHWRWKHUHGXFHG
ÀRZDUHD6KRZQLQ)LJDUHWKHPHDVXUHGSUHVVXUHGURSVWKDWDUHFRQVLVWHQWEXWVOLJKWO\ORZHU
WKDQSUHGLFWHGYDOXHVIURPWKHPRGHO>@7KHJRRGDJUHHPHQWFRQ¿UPVWKHUHOLDELOLW\RIWKHPHDVXUHPHQWDVZHOODVWKHXQLIRUPLW\RIWKHFRDWLQJRQWKHGLVNV

)LJXUH&RPSDULVRQRISUHVVXUHGURSDFURVVWHVWVDPSOHV$WWKHVDPHPDVVÀRZUDWHWKHSUHVVXUH
drop across the coated sample is about 1.84 times that across the uncoated sample.
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)LJXUH&RPSDULVRQRIPHDVXUHGSUHVVXUHGURSZLWKSUHGLFWHGYDOXHVIRUVDPSOHZLWKFRDWHGGLVNV
The measured value is slightly lower than predicted values from the model [4].

3HUIRUPDQFHRI&U\RFRROHUZLWK&RDWHG5HJHQHUDWRU
)RUWKHLQWHQGHGDSSOLFDWLRQWKH'6FRROHUKHDWVLQNWHPSHUDWXUHZLOOEH.VLJQL¿FDQWO\
lower than typical terrestrial cryocooler heat rejection temperature. This environmental condition
has effects on the charge pressure, the displacer spring, critical running clearances of the piston
and displacer, and the characteristics of internal seals. Sunpower successfully revised the design
and fabrication of the DS 1.5 cooler accordingly to enable the pressure wave generator and the
warm end of the cold head to reliably operate at 150 K. Sunpower then incorporated the coated
regenerator material into the cold end of the regenerator and conducted iterative design and testing
WRRSWLPL]HWKHUHJHQHUDWRUFRQ¿JXUDWLRQWRPLWLJDWHWKHLPSDFWRIWKHKLJKHUÀRZUHVLVWDQFHDWWKH
coated section of the regenerator.
7HVWUHVXOWVDW6XQSRZHUDQG&UHDUHVKRZWKDWDWDQLQSXWSRZHURI:DQGDVLQNWHPSHUDWXUH
of 150 K, the cooler reached a no-load temperature of 21.7 K, as shown in Fig. 9. The cooling power

)LJXUH&RDWHGUHJHQHUDWRUSHUIRUPDQFHUHVXOWVDW: WRS DQG: ERWWRP LQSXWSRZHU
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Table 1. Performance Improvement With Coated Regenerator Disks in Sunpower GT and MT Coolers.

GT Cooler with 240W input power and 23°C 07ZLWK:LQSXWSRZHUDQG&KHDWVLQN
KHDWVLQN
Standard
Coated
Standard
Coated
7FROG .
/LIW :
7FROG .
/LIW :
7FROG .
/LIW :
7FROG .
/LIW :
77

77
17.1
80
5.7
80

35.9
0
27.2
0
40.5
0
33.7
0
DW.ZDVP:FRUUHVSRQGLQJWRD&DUQRWHI¿FLHQF\RI$W:RILQSXWSRZHUWKH
no-load temperature was 24.9 K and the cooling power at 30 K was 150 mW, corresponding to a
&DUQRWHI¿FLHQF\RI7KHHI¿FLHQF\RIWKHFRROHULVUHDVRQDEO\KLJKHUDWVXFKORZLQSXWSRZHU
levels and low cooling temperatures. Sunpower also incorporated the coated regenerator material
into their GT and MT coolers to improve their performance at low temperatures. The coated regenHUDWRUPDWHULDOUHGXFHVWKHLUQRORDGFRROLQJWHPSHUDWXUHE\.DQG.UHVSHFWLYHO\ 7DEOH 
enabling them to reach a cooling temperature below 35 K. The coated regenerator material also
slightly enhances their cooling power at 77 K.
DISCUSSION
An advanced coating process was developed to apply a high heat capacity coating to three dimensional porous regenerator scaffold material to enhance the regenerator heat capacity at cryogenic
WHPSHUDWXUHV7KHHIIHFWLYHWKHUPDOPDVVDQGÀRZUHVLVWDQFHRIWKHFRDWHGUHJHQHUDWRUPDWUL[DUH
consistent with predicted values. The coated regenerator material increases the heat capacity of the
regenerator cold end section by a factor of about 2.5. The coated regenerator material enables a small
PRGL¿HGFRPPHUFLDOFRROHUWRHI¿FLHQWO\DEVRUEKHDWDW.DQGWRUHMHFWLWDW.UHDFKLQJD
&DUQRWHI¿FLHQF\RIDWDQLQSXWSRZHURI:
ACKNOWLEDGMENT
The support and guidance provided by NASA Goddard Space Flight Center are gratefully
DFNQRZOHGJHG
REFERENCES


/DNHZ%$VODP6%UDVXQDV-&DR1&RVWHQ1/D$1JX\HQ/6WHYHQVRQ7:DF]\QVNL$
“MgB2 Thin-Film Bolometer for Applications in Far-Infrared Instruments on Future Planetary MisVLRQV´Physica C: Superconductivity9RO  SS±

2.

Kays, W., London, A.L., Compact Heat Exchangers0F*UDZ+LOO,QF1HZ<RUN1<  



0pULGD:5%DUFOD\-$³0RQROLWKLF5HJHQHUDWRU7HFKQRORJ\IRU/RZ7HPSHUDWXUH . *LIIRUG0F0DKRQ&U\RFRROHUV´Adv. in Cryogenic Engineering9RO%3OHQXP3XEOLVKLQJ&RUS1HZ<RUN
 SS±



*HGHRQ':RRG-2VFLOODWLQJ)ORZ5HJHQHUDWRU7HVW5LJ+DUGZDUHDQG7KHRU\:LWK'HULYHG
&RUUHODWLRQVIRU6FUHHQVDQG)HOWVNASA Contractor Report 198442,  S

