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ABSTRACT
This paper reports on the development of a brassboard Active Magnetic Regenerative Refrigeration
(AMRR) system for space applications. The AMRR is designed to continuously provide remote/distributed
cooling at temperatures in the range of 2 K with a heat sink above 11 K. The warm end temperature
is currently limited by the operating temperature of its superconducting magnets. The key enabling
technologies for the AMRR include (1) a bi-directional circulator to circulate helium bidirectionally through the magnetic regenerators, (2) two highly effective active magnetic regenerators with
DVWUXFWXUHGPDWUL[WRHQDEOHWKH$055WRDFKLHYHKLJKWKHUPDOHI¿FLHQF\DQG  WZRDGYDQFHG
ORZFXUUHQWOLJKWZHLJKWVXSHUFRQGXFWLQJPDJQHWVWKDWSURGXFHDJUDGLHQWPDJQHWLF¿HOGZLWKDQ
RSWLPXPWHPSRUDODQGVSDWLDOGLVWULEXWLRQWRHQDEOHWKH$055V\VWHPWRDFKLHYHKLJKWKHUPDOHI¿FLHQF\
7KLVSDSHU¿UVWGLVFXVVHVWKHRYHUDOOV\VWHPGHVLJQFRQVLGHUDWLRQV,WWKHQGLVFXVVHVWKHGHVLJQDQG
fabrication challenges for the key components. Next, it describes a brassboard system to assess
the performance of a brassboard AMRR. Finally, the paper discusses future research directions to
further advance the AMRR technology.
INTRODUCTION
A critical need for future astrophysical observation is the capability to provide multi-year
cooling for low-noise detector systems operating at temperatures below 4 K. Low-temperature
cooling reduces the thermal emission of the detectors themselves and enhances their sensitivity
DQGUHVROXWLRQ7KHGXUDWLRQRIWKHVHPLVVLRQVLVW\SLFDOO\PRUHWKDQ¿YH\HDUV8VLQJFRQVXPDEOH
stored cryogens for these missions will lead to a large system mass and is undesirable, especially
for large space telescopes. AMRR systems are uniquely suitable for these applications because
RIWKHLUSRWHQWLDOIRUYHU\ORZWHPSHUDWXUHFRROLQJFDSDELOLW\KLJKWKHUPRG\QDPLFHI¿FLHQFLHV
and high reliability.
AMRR SYSTEM OVERVIEW
$Q$055V\VWHPLVDYHU\HI¿FLHQWWKHUPRG\QDPLFF\FOHWKDWXWLOL]HVWKHPDJQHWRFDORULFHI
fect to produce refrigeration at temperatures down to about 2 K [1] [2] [3]. In an AMRR system, a
FLUFXODWLQJÀXLGLQWHUDFWVZLWKDPDJQHWRFDORULFPDWHULDOLQWKHUHJHQHUDWRUWRIDFLOLWDWHKHDWWUDQVIHU
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within the material along the axial direction. This creates a cascade effect that allows the system to
UHMHFWKHDWDWDKLJKWHPSHUDWXUH7KHFLUFXODWLQJÀXLGDOVRDOORZVWKH$055WRSURYLGHUHPRWHFRROing for detectors that are located far away from the cooler.
Key components in an AMRR system include two identical Active Magnetic Regenerators (AMR),
their surrounding superconducting (SC) magnets, and a bi-directional circulator (Fig. 1). Each regenHUDWRUKDVDKHDWH[FKDQJHU +; DWLWVZDUPHQGWRUHMHFWLWVPDJQHWL]DWLRQKHDWWRDKHDWVLQNDQG
the two regenerators share a cold end load heat exchanger to absorb heat from a cooling target. The
PDJQHWLF¿HOGVLQWKHUHJHQHUDWRUVRSHUDWHRXWRISKDVHZLWKUHVSHFWWRHDFKRWKHU²PDJQHWL]LQJ
RQHUHJHQHUDWRUZKLOHGHPDJQHWL]LQJWKHRWKHU7KHFLUFXODWRULVDFHQWULIXJDOELGLUHFWLRQDOSXPS
XVLQJVHOIDFWLQJJDVEHDULQJV,WFRQWUROVWKHÀRZGLUHFWLRQLQV\QFZLWKWKHPDJQHWLF¿HOGVWRIDFLOLWDWHKHDWWUDQVIHU'XULQJRSHUDWLRQKHOLXPHQWHUVWKHKRWHQGRIWKHFROXPQEHLQJGHPDJQHWL]HGLV
cooled by the magnetic refrigerant, and passes into the cold end heat exchanger to absorb heat. The
KHOLXPWKHQHQWHUVWKHFROGHQGRIWKHFROXPQEHLQJPDJQHWL]HGDEVRUEVKHDWIURPWKHUHIULJHUDQW
DQGHQWHUVWKHKRWHQGKHDWH[FKDQJHUWRUHMHFWWKHPDJQHWL]DWLRQKHDW
AMRR SYSTEM DESIGN CONSIDERATIONS
Key System Design Parameters
7KHNH\V\VWHPGHVLJQSDUDPHWHUVLQFOXGHWKHPDJQHWLFUHIULJHUDQWPDWHULDOF\FOHZRUNLQJÀXLG
DQGLWVSUHVVXUHWKHPD[LPXPDQGPLQLPXPPDJQHWLF¿HOGVWUHQJWKVDQGWKHF\FOHSHULRG2QFH
WKHVHSDUDPHWHUVDUHGHWHUPLQHGWKHZRUNLQJÀXLGVKXWWOHPDVVWKHPDJQHWLFUHIULJHUDQWPDVVLQ
HDFKUHJHQHUDWRUDQGWKHPDJQHWLF¿HOGVSDWLDODQGWHPSRUDOSUR¿OHVFDQEHRSWLPL]HGE\QXPHULFDO
analyses for a given cooling requirement [4].
The most common magnetic refrigerant, gadolinium gallium garnet (GGG), is used in our baseline
GHVLJQEHFDXVHLWVPDJQHWRFDORULFHIIHFWVDQGRWKHUWKHUPRG\QDPLFSURSHUWLHVDUHZHOOFKDUDFWHUL]HG
DQGWKHPDWHULDOLVUHDGLO\DYDLODEOH7KHFLUFXODWLQJÀXLGLVVXEFULWLFDO3He with a pressure slightly
below its saturation pressure corresponding to the AMRR cold end temperature to prevent condensation at the cold end of the regenerator. Supercritical 3He is not considered because of its very high
VSHFL¿FKHDWQHDULWVFULWLFDOWHPSHUDWXUHZKLFKVHYHUHO\OLPLWVUHJHQHUDWRUWKHUPDOHI¿FLHQF\2XU
WKHUPRG\QDPLFDQDO\VHVVKRZWKDWWKHPD[LPXP¿HOGVWUHQJWKLQD***UHJHQHUDWRUQHHGVWREH
about 2 T for the cold end section at about 2 K and about 5 T for the warm end section above 12 K [4].

Figure 1. System schematic of an AMRR with a bi-directional circulator.
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Factors Limiting Cycle Period
In general, reducing the cycle period will proportionally increase the system cooling capacity.
+RZHYHULQDFWXDODSSOLFDWLRQVWKHPLQLPDOF\FOHSHULRGLVOLPLWHGE\WKUHHIDFWRUV7KH¿UVWLVWKH
UHVSRQVHWLPHRIWKHELGLUHFWLRQDOFLUFXODWRUGXULQJWKHÀRZVZLWFKLQJSURFHVV%HFDXVHWKHPRPHQW
of inertia of the miniature impellers in Creare’s circulator is very small, the bi-directional circulator
FDQVZLWFKÀRZGLUHFWLRQYHU\TXLFNO\ZLWKLQDERXWV7KXVWKHFLUFXODWRULVQRWDOLPLWLQJIDFWRUIRU
the cycle period. The second is the AC loss in the superconducting magnets. As the cycle frequency
increases, the parasitic heating power due to AC losses in the SC magnets more than proportionally
LQFUHDVHVLQFUHDVLQJWKHULVNRITXHQFKLQWKHVXSHUFRQGXFWLQJFRLO2XUSUHOLPLQDU\WHVWLQJVKRZV
that as the cycle period is reduced below 60 seconds, the superconducting magnets could become a
limiting factor for the cycle period based on current thin-wire superconducting magnet technology.
The third is the minimum ratio of 3He shuttle volume during a cycle to the void volume between the
regenerator warm end precooler and the cold end load heat exchanger. This ratio needs to be appreFLDEO\ODUJHUWKDQWRHQVXUHWKDWPDJQHWL]DWLRQKHDWLQWKHUHJHQHUDWRUFDQEHFDUULHGWRWKHKHDWVLQN
E\WKHFLUFXODWLQJÀRZDQGWKHUHJHQHUDWRUFRROLQJSRZHUFDQEHHIIHFWLYHO\WUDQVIHUUHGWRWKHORDG
heat exchanger, as discussed below.
Void Volume Effects on AMMR Performance
7KHYRLGYROXPHVEHWZHHQWKHUHJHQHUDWRUFRUHDQGLWVDGMDFHQWKHDWH[FKDQJHUVKDYHVLJQL¿FDQW
impact on the AMRR performance. These void volumes prevent all the gas exiting the regenerator
matrix from reaching the respective heat exchangers, reducing the overall thermal performance of the
$0552QWKHZDUPHQGWKHYRLGYROXPHEHWZHHQWKHUHJHQHUDWRUDQGWKHSUHFRROHUUHGXFHVWKH
DPRXQWRIJDVUHDFKLQJWKHKHDWVLQNGXULQJWKHFROGWRZDUPEORZSURFHVVDQGLQFUHDVHVWKHÀXLG
temperature entering the regenerator at the beginning of the warm-to-cold blow process. After the
FROGWRZDUPEORZSURFHVVDQDPRXQWRIZRUNLQJÀXLGLVWUDSSHGLQWKHYRLGYROXPHEHWZHHQWKH
UHJHQHUDWRUDQGSUHFRROHU7KHWHPSHUDWXUHRIWKLVÀXLGZLOOEHJUHDWHUWKDQWKHWHPSHUDWXUHRIWKHÀXLG
OHDYLQJWKHSUHFRROHU'XULQJWKHFROGWRZDUPEORZSURFHVVWKHDYHUDJHÀXLGWHPSHUDWXUHVH[LWLQJ
WKHZDUPHQGRIWKHUHJHQHUDWRUPXVWEHKLJKHUWKDQWKHKHDWVLQNWHPSHUDWXUHVRWKDWWKHZRUNLQJÀXLG
FDQUHMHFWPDJQHWL]DWLRQKHDWWRWKHKHDWVLQN$WWKHEHJLQQLQJRIWKHZDUPWRFROGEORZSURFHVV
the trapped warm gas reenters the regenerator. The warm gas raises the warm end temperature until
all the trapped gas has entered the regenerator, as shown in Fig. 2.

Figure 2. Predicted temperature of 3+HÀRZDWWKHZDUPHQGRIUHJHQHUDWRU5HVXOWVDUHVKRZQIRUWKH
design condition with a warm end heat rejection temperature of 11 K. Dotted line is helium gas temperature
at the warm end.
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2QWKHFROGHQGRIWKHUHJHQHUDWRUWKHYRLGYROXPHEHWZHHQWKHUHJHQHUDWRUDQGWKHORDG+;
reduces the amount of gas exiting the regenerator cold end from reaching the load heat exchanger
during the warm-to-cold blow process, and thus reduces the cooling available for the load heat exFKDQJHU1RWHWKDWWKHWUDSSHGFROGÀXLGZLOOHQKDQFHFRROLQJIRUWKHUHJHQHUDWRUGXULQJWKHFROG
to-warm blow process, partially offsetting the associated performance penalty. The void volume
at the cold end has a stronger impact than that at the warm end on the system performance because
the shuttle gas volume at the cold end is much smaller than at the warm end.
Void Volume Effect on AMRR Cycle Time and Design
The performance penalty associated with the void volumes is approximately proportional to
WKHF\FOHIUHTXHQF\$VWKHF\FOHIUHTXHQF\LQFUHDVHVWKHVKXWWOHPDVVRIWKHZRUNLQJÀXLGZLOO
SURSRUWLRQDOO\GHFUHDVHDQGWKHUDWLRRIWKHYRLGYROXPHWRWKHORFDOVKXWWOHÀXLGYROXPHDQGWKH
associated performance penalty will proportionally increase. This effect limits the maximum cycle
frequency for many practical applications, especially for applications where the cooling target is
located far away from the regenerators and the void volumes in the transfer lines between the regenerators and the load HX are relatively large.
The performance penalty associated with the void volumes can be mitigated by delaying the
ÀRZVZLWFKLQJUHODWLYHWRWKHPDJQHWLF¿HOGVZLWFKLQJ7KLVDSSURDFKLQYROYHVOHWWLQJWKHZRUNLQJ
ÀXLGFRQWLQXHWRH[LWWKHZDUPHQGRIWKHUHJHQHUDWRUDIWHUWKHLVRWKHUPDOPDJQHWL]DWLRQSURFHVV
HQGVDOORZLQJDOOWKHJDVH[LWLQJWKHUHJHQHUDWRUGXULQJWKHLVRWKHUPDOPDJQHWL]DWLRQSURFHVVWR
reach the precooler, enhancing the system heat rejection. Similarly, this approach lets the working
ÀXLGFRQWLQXHWRH[LWWKHUHJHQHUDWRUFROGHQGDIWHUWKHLVRWKHUPDOGHPDJQHWL]DWLRQSURFHVVHQGV
allowing all the gas exiting the regenerator cold end to reach the load heat exchanger, enhancing
the system cooling capacity. The effectiveness of this mitigation approach will be evaluated in our
brassboard AMRR system.
ENABLING COMPONENTS FOR A SPACE AMRR
The key components for an AMRR include (1) a bi-directional, vibration-free cryogenic cirFXODWRU  DFWLYHPDJQHWLFUHJHQHUDWRUVDQG  KLJKWHPSHUDWXUHKLJK¿HOGVWUHQJWKORZFXUUHQW
superconducting magnets. Their design requirements and development status are discussed below.
Bi-directional Cryogenic Circulator
The circulator must be able to operate at cryogenic temperatures to reduce pumping power
DQGWRUHGXFHWKHUHFXSHUDWRUVL]HLQWKH$055,WPXVWEHDEOHWRUHOLDEO\DQGTXLFNO\UHYHUVH
WKHÀRZGLUHFWLRQZLWKRXWPHFKDQLFDOZHDUDQGZLWKYLUWXDOO\QRWUDQVPLWWHGYLEUDWLRQ&UHDUH¶V
AMRR bi-directional circulator consists of two modules, each with a miniature centrifugal impeller.
7KHFLUFXODWRUUHJXODWHVWKHÀRZGLUHFWLRQE\YDU\LQJLPSHOOHUVSHHGVUHODWLYHWRHDFKRWKHU6LQFH
WKHLPSHOOHUVDUHYHU\VPDOODQGWKHLUPRPHQWRILQHUWLDLVYHU\ORZWKHFLUFXODWRUFDQVZLWFKÀRZ
direction very quickly. The cryogenic circulator design is based on Creare’s non-contacting selfacting gas bearings and clearance seals for reliable and virtually vibration-free operation. For the
AMRR to reach the target cooling temperature of about 2 K, the system pressure must be below
EDUWRSUHYHQWFRQGHQVLQJDWWKHFROGHQG>@2SHUDWLQJDFLUFXODWRUXVLQJVHOIDFWLQJJDVEHDUings at such a low pressure is challenging. We have built one of the modules for the circulator and
demonstrated its ability to achieve the target pressure rise with stable operation at the design speed
RI+]LQFU\RJHQLFWHPSHUDWXUHVZLWKDV\VWHPSUHVVXUHRIRQO\EDU
Active Magnetic Regenerator
The active magnetic regenerator is a regenerative heat exchanger with its matrix material made
RIDVROLGVWDWHPDJQHWLFUHIULJHUDQWWKDWZLOOJHQHUDWHKHDWRUUHIULJHUDWLRQGXULQJWKHPDJQHWL]DWLRQ
RUGHPDJQHWL]DWLRQSURFHVVUHVSHFWLYHO\$FWLYHPDJQHWLFUHJHQHUDWRUVVHUYHWZRFULWLFDOIXQFWLRQV
in an AMRR system. First, the regeneration process enables each segment of magnetic refrigerant
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WRWKHUPDOO\LQWHUDFWZLWKLWVDGMDFHQWVHJPHQWVYLDWKHFLUFXODWLQJÀXLGUHVXOWLQJLQDFDVFDGHG
refrigeration cycle which allows the system to operate with a heat sink temperature (about 15 K)
much higher than its cooling temperature (about 2 K). This effectively extends the heat rejection
temperatures of an AMRR to the range where current mechanical cryocoolers can achieve high
HI¿FLHQF\DQGWKHUHIRUHLPSURYHVWKHRYHUDOOHI¿FLHQF\RIWKHFRROLQJV\VWHP6HFRQGLWDOVR
HQDEOHVWKHFLUFXODWLQJÀXLGWRWUDQVIHUFRROLQJSRZHUIURPWKHPDJQHWLFUHIULJHUDQWWRDUHPRWHO\
located payload(s).
The critical performance requirements for an AMR are similar to those for regenerators in
6WLUOLQJDQG3XOVHWXEHFRROHUVLQFOXGLQJKLJKWKHUPDOHIIHFWLYHQHVVORZÀRZUHVLVWDQFHORZD[LDO
conduction and low void volume. In addition, the volume of non-magnetic refrigerant material (i.e.,
VROLGVSDFHUPDWHULDO LQDQ$05PXVWEHPLQLPL]HGWRUHGXFHWKHVL]HRIWKHUHJHQHUDWRUVDQGWKXV
WKHVL]HDQGPDVVRIWKHVXUURXQGLQJVXSHUFRQGXFWLQJPDJQHWV,QDGGLWLRQWKHUHJHQHUDWRUFRUH
must be able to withstand dynamic loads induced by launch vibrations and the cyclical magnetic
IRUFHVRQWKHFRUH7KHPDJQHWLFIRUFHRQWKHFRUHFDQEHDSSUHFLDEOHEHFDXVHWKHPDJQHWLF¿HOG
VWUHQJWKLVKLJKDQGWKH¿HOGVWUHQJWKKDVDVWURQJD[LDOJUDGLHQW
Creare developed a regenerator consisting of a stack of thin GGG disks separated by thin layers
of thermal insulators to reduce axial conduction. A simple packed bed magnetic regenerator would
have an unacceptably high axial thermal conduction. This is because GGG has a relatively high
thermal conductivity up to 600 W/m-K in the operating temperature range of 2 to 15 K. Fabricating
the high-aspect ratio microchannels in GGG is however challenging since it (1) cannot be chemically etched using the standard methods developed by the semiconductor industry and (2) is very
EULWWOHDQGSURQHWRFUDFNLQJ7KHVHIDEULFDWLRQFKDOOHQJHVOLPLWWKHSUDFWLFDOFKDQQHOFRQ¿JXUDWLRQ
DQGWKHPLQLPDOFKDQQHOIHDWXUHVL]H:HVXFFHVVIXOO\XVHGDXQLTXHPLFURIDEULFDWLRQSURFHVVWR
PDFKLQHPLFURWKURXJKKROHVDWDGLDPHWHURIPLFURQVLQWKH***GLVNVWRIRUPVPDOOÀRZ
paths for circulating helium, as shown in Fig. 3. The through holes are uniform and have very sharp

Figure 3. Micro through holes with a diameter of 254 microns in GGG wafer
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entrances and the exits. The fabrication process effectively prevents mirocracking in the thin GGG
wafers and tapers/burrs in the machined holes.
7KHKROHVLQDJLYHQ***SODWHZDVRIIVHWIURPLWVDGMDFHQWSODWHV7KLVRIIVHWKROHFRQ¿JXUDWLRQKDGVLJQL¿FDQWSHUIRUPDQFHEHQH¿WVRYHUDVWDFNRIDOLJQHGKROHVZKLFKZRXOGIRUPDFRXSOH
of thousand parallel “tubes” extending from the warm end to the cold end in the core assembly.
Although the fabrication of plates and insulation layers with aligned holes is much simpler, the performance of the regenerator would be very vulnerable to small plate misalignment. Misalignment
ZRXOGQRWRQO\VLJQL¿FDQWO\LQFUHDVHÀRZSUHVVXUHGURSEXWDOVRFDXVHÀRZPDOGLVWULEXWLRQZKLFK
FRXOGOHDGWRVLJQL¿FDQWWKHUPDOSHUIRUPDQFHGHJUDGDWLRQ,QDGGLWLRQWRUHGXFLQJD[LDOFRQGXFWLRQ
KHDWOHDNWKHVSDFHUVEHWZHHQWKH***SODWHVKDYHIHDWXUHVWRSURPRWHXQLIRUPÀRZGLVWULEXWLRQ
2XU &)' VLPXODWLRQ DQG VHSDUDWH HIIHFWV WHVW GDWD VKRZ WKH UHJHQHUDWRU FRQ¿JXUDWLRQ DFKLHYHV
higher heat transfer and a much lower axial conduction heat leak for a given pressure drop than a
FRQYHQWLRQDOVWDFNHGVFUHHQRUSDFNHGEHGUHJHQHUDWRU2XUG\QDPLFVWUXFWXUDOWHVWGDWDFRQ¿UPHG
that the GGG plates can withstand dynamic loads induced by launch vibrations and the expected
cyclical magnetic forces during normal operation.
Superconducting Magnet System
7KHVXSHUFRQGXFWLQJPDJQHWLQDQ$055V\VWHPPXVWJHQHUDWHDPDJQHWLF¿HOGZLWKDSURSHU
VSDWLDODQGWHPSRUDOSUR¿OHWRPLQLPL]HWKHUHJHQHUDWRUORFDOWHPSHUDWXUHVZLQJGXULQJWKHLVRWKHUPDO
PDJQHWL]DWLRQDQGGHPDJQHWL]DWLRQSURFHVVHV,WVPD[LPXP¿HOGVWUHQJWKPXVWEHUHODWLYHO\KLJK
about 5 T at the warm end of the regenerator to achieve a strong magnetocaloric effect at temperatures above 12 K. The superconducting wire must also be able to achieve a relatively high current
density of about 200 to 300 A/mm2 ZKLOHRSHUDWLQJDWVXFKDKLJK¿HOGDQGDWWKH$055ZDUPHQG
WHPSHUDWXUHWRPLQLPL]HWKHPDJQHWVL]HDQGPDVV)XUWKHUPRUHWKHPDJQHWPXVWXVHWKLQZLUHVWR
allow low-current operation to reduce lead wire losses and simplify magnetic current supply controller
design. For the AMRR application, the cycle frequency is relatively high, therefore the superconducting magnet must have low enough AC losses (heating of coils due to pulsing alternating magnetic
¿HOG WRHQKDQFHV\VWHPHI¿FLHQF\DQGPRUHLPSRUWDQWO\WRHQDEOHUHODWLYHO\DIDVWFKDUJLQJDQG
GLVFKDUJLQJSURFHVVZLWKRXWFDXVLQJTXHQFKLQJ7RUHGXFH$&ORVVHVVXSHUFRQGXFWLQJ¿ODPHQWV
in the wires must be as narrow as possible. Superconducting System Inc. is developing the AMRR
magnet. SSI uses several nested coils with different winding charateristics to generate the required
VSDWLDOSUR¿OH6PDOOGLDPHWHU1E36QZLUHVZLWK¿ODPHQWVRIPLFURPHWHUVLQGLDPHWHUDUHXVHG
IRUWKHFRLOV7KHZLUHVL]HVDQGDUFKLWHFWXUHZHUHRSWLPL]HGEDVHGRQWKHORFDO¿HOGDQGVWRUHGHQHUJ\
RILQGLYLGXDOFRLOV66,¿UVWIDEULFDWHGD7PDJQHWZLWKDJUDGLHQWPDJQHW¿HOGDQGTXDOL¿HGLWV
SHUIRUPDQFH7KH7VXSHUFRQGXFWLQJPDJQHWLVLQWKH¿QDOVWDJHRIWKHIDEULFDWLRQSURFHVV
7KHHQHUJ\UHTXLUHGWRFKDUJHDQ$055VXSHUFRQGXFWLQJPDJQHWLVVLJQL¿FDQWDERXW-
F\FOH,IWKHGLVFKDUJHGHQHUJ\LVQRWUHFRYHUHGWKHSRZHUWRHQHUJL]HWKHPDJQHWZRXOGEHDERXW
:IRUDSDLURIVXSHUFRQGXFWLQJPDJQHWVRSHUDWLQJDWDIUHTXHQF\RI+]ZKLFKLVXQDFFHSWDEO\KLJK7KHUHIRUHDSRZHUVXSSO\WKDWFDSWXUHVWKHGLVFKDUJHGHQHUJ\IURPWKHGHPDJQHWL]DWLRQ
SURFHVVVWRUHVLWLQDFDSDFLWRUDQGVXSSOLHVLWEDFNWRWKHPDJQHWGXULQJWKHPDJQHWL]DWLRQSURFHVV
is needed. Furthermore, the power supply must be able to control the supply current temporal pro¿OHWRJHQHUDWHD¿HOGZLWKRSWLPDOWHPSRUDOSUR¿OH&UHDUHKDVGHVLJQHGDQGDVVHPEOHGDFXUUHQW
FRQWUROOHUDQGYHUL¿HGLWVSHUIRUPDQFHZLWKDQLQGXFWRUVLPXODWLQJWKHVXSHUFRQGXFWLQJFRLO
A PROOF-OF-CONCEPT BRASSBOARD AMRR
&UHDUHLVDVVHPEOLQJDVLPSOL¿HGEUDVVERDUG$055WRDVVHVVWKHSHUIRUPDQFHRIDORZWHPperature AMRR. Due to resource constraints, the brassboard system only consists of one regenerator, one set of superconducting magnet, and one cryogenic circulator module. As a complete AMRR
system requires two of each of these components, we incorporated additional hardware and test
procedures to create a brassboard demonstration unit. In place of the second magnet and regenerator
in a complete AMRR, a helium bath at reduced pressure is used to provide cooling slightly below
.IRUWKHUHWXUQLQJJDVÀRZHQWHULQJWKHFROGHQGRIWKHUHJHQHUDWRU )LJ $OVRLQSODFHRIWKH
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Figure 4.6LPSOL¿HG%UDVVERDUG$055IRU7KHUPDO3HUIRUPDQFH7HVWLQJWRSVFKHPDWLFERWWRPWHVWVHWXS
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Figure 5.7HPSHUDWXUHSUR¿OHVRI7VXSHUFRQGXFWLQJPDJQHWDQGWKHUPDOEULGJHGXULQJFKDUJLQJ
and discharging processes

ELGLUHFWLRQDOFLUFXODWRUDÀRZVZLWFKLQJYDOYHLVLQFRUSRUDWHGZLWKDFU\RJHQLFFLUFXODWRUPRGXOH
WRUHYHUVHWKHÀRZGLUHFWLRQ7KHFU\RJHQLFFLUFXODWRUKDVGHVLJQIHDWXUHVWRDOORZLWWREHHYROYHG
to a bi-directional circulator when coupled to the second half of the circulator.
:HDUHLQWKH¿QDOVWDJHVRIWKHVLPSOL¿HG$055EUDVVERDUGV\VWHPDVVHPEO\%HFDXVHWKHEUDVVboard system involves many components, before incorporating the high value cryogenic circulator and
the actual AMR into the brassboard system, we conducted separate effects testing to verify that the design
and operation of the auxiliary components meet our performance targets. We also used the test setup to
YHULI\VHYHUDONH\GHVLJQSDUDPHWHUV)LUVWZHYHUL¿HGWKDWWKHQRQSURWRW\SLFDOORRSÀRZUHVLVWDQFHLV
ORZHQRXJKIRUWKHFLUFXODWRUWRIRUFHWKHWDUJHWÀRZUDWHWKURXJKWKHV\VWHP6HFRQGZHYHUL¿HGWKDW
the magnetic force on the regenerator core is within the expected range to prevent potential damage to
the micromachined GGG wafers inside the actual regenerator. For this measurement, we used a packed
UHJHQHUDWRUZLWKDSUHVFULEHGDPRXQWRIVPDOO***EHDGV2QHHQGRIWKHUHJHQHUDWRULVFRQQHFWHGWRD
load cell to measure the force exerted on the regenerator. We also used a 2.5 T superconducting magnet
LQSODFHRIWKH¿QDOPDJQHWZKLOHWKH¿QDO7VXSHUFRQGXFWLQJPDJQHWLVEHLQJIDEULFDWHGDW66,7KLUG
we obtained preliminary NbSn3 superconducting magnet AC losses data and assessed the allowable fastest magnet charge and discharge time without causing the magnet to quench.
2XUVKDNHGRZQWHVWLQJVKRZVWKDWWKHFXUUHQWFLUFXODWRUSUHVVXUHULVHFDQHDVLO\RYHUFRPHWKHORRS
SUHVVXUHGURSDWWKHGHVLJQFRQGLWLRQ2XUWHVWLQJDOVRVKRZVWKDWWKHPDJQHWLFIRUFHRQWKHUHJHQHUDtor core is within our expected range and thus we expect that the GGG wafers will be able to withstand
this force and the preload force without any damage. As for the superconducting magnet, the test results
shows that the charge time and discharge time for the 2.5 T magnet needs to be relatively long (~ 30 s)
to prevent magnet quenching. Magnet quenching occurred for all smaller charge and discharge times.
During the charge and discharge processes, the magnet temperature increased appreciably, as shown
LQWKHHYHQWVDWW PLQ ( DQGPLQ ( LQ)LJ7KLVVXJJHVWVWKDWWKH$&ORVVHVGXULQJ
the magnet charge and discharge processes were appreciable. The high AC losses limits minimal charge
and discharge time to prevent quenching. The resulting long charge cycle might limit the AMRR cycle
frequency. These results provide background data for the design of wires for the 5T magnet, which is
expected to have lower AC losses.
CONCLUSIONS AND FUTURE WORK
A brassboard system is being developed to assess the performance of an AMRR system designed for space applications. The brassboard system will assess the performance of individual
FRPSRQHQWVIRUWKH$055V\VWHPDQGDOORZXVWRRSWLPL]HWKHV\VWHPRSHUDWLQJSDUDPHWHUV7KH
brassboard system will also allow us to assess the effectiveness of using a time delay between the
PDJQHWLFVZLWFKLQJDQGWKHÀRZVZLWFKLQJWRPLWLJDWHWKHHIIHFWRIWKHYRLGYROXPHVLQWKH$055
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Low temperature superconducting magnet technology is the performance limiting factor in
the current AMRR. Future research in this area will focus on increasing the maximum operating
temperature of the low-current superconducting wires to increase the AMRR heat rejection temSHUDWXUHDQGRQUHGXFLQJLWV$&ORVVHVWRHQKDQFHWKH$055HI¿FLHQF\DQGWRDOORZIDVWHUFKDUJH
DQGGLVFKDUJHWLPHWRUHGXFHWKH$055VL]HDQGPDVV
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