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ABSTRACT
An active magnetic regenerative refrigerator (AMRR) with the conduction cooled high temperature superconducting (HTS) magnet is fabricated and experimentally investigated. Key components
of the AMRR are a two-stage multi-layered active magnetic regenerator (AMR), a conduction cooled
+76PDJQHWDQGWKHKHOLXPJDVÀRZV\VWHP6LQFHPDJQHWLFUHIULJHUDQWVDUHRQO\HIIHFWLYHLQWKH
limited temperature range near their Curie temperatures, the layered structure with four magnetic
materials (GdNi2, Gd0.1Dy0.9Ni2, Dy0.85Er0.15Al2, Dy0.5Er0.5Al2) is employed on the AMR to increase
its temperature span. The AMR is designed to operate with the temperature range between 80 K and
20 K. The HTS magnet, being cooled down by a two-stage Gifford-McMahon (GM) cryocooler,
SURGXFHVPD[LPXPPDJQHWLF¿HOGRI7IRUWKH$05'&SRZHUVXSSO\DVROHQRLGFXUUHQWVZLWFK
and an external dump resistor are used for a continuous ramping operation of the HTS magnet.
2VFLOODWLQJKHOLXPÀRZLQWKH$05LVLQGXFHGDQGFRQWUROOHGE\WKHKHOLXPFRPSUHVVRUDQGIRXU
solenoid valves. This paper presents the experimental results of the AMR system operating between
80.8 and 21.8 K and discusses technical issues for the results.
INTRODUCTION
An AMRR is a type of magnetic refrigerator which utilizes magneto-caloric effect (MCE) for
refrigeration. Early magnetic refrigerator such as an adiabatic demagnetization refrigerator (ADR)
has been only employed to obtain sub-Kelvin temperature [1]. However, adoption of an active
magnetic regenerator concept has enabled researchers to use MCE for refrigeration with a large
temperature span. An AMR system can achieve much larger temperature lift than that of ADR by
effectively utilizing a magnetic refrigerant as a regenerator and as an active magnetic component.
Due to its advantage, an enormous number of AMRRs operating at room temperature have been
reported [2-4]. However, only a few AMRRs working below liquid nitrogen temperature have been
developed and investigated over the past several decades [5 - 11].
Since the energy interaction of MCE is an inherently reversible process, AMRR has high therPRG\QDPLFSRWHQWLDOWRLPSURYHWKHHI¿FLHQF\RIK\GURJHQOLTXHIDFWLRQ,QRUGHUWRDFKLHYHWKH
wide temperature span of an AMR, large magnetic entropy change over broad temperature range is
indispensable [12]. Although an AMR can operate at a larger temperature span than the adiabatic
WHPSHUDWXUHULVHRIDPDJQHWLFUHIULJHUDQWWKHWHPSHUDWXUHVSDQLVVWLOOOLPLWHGEHFDXVHWKHVXI¿FLHQWO\
large MCE of a typical magnetic refrigerant appears over a limited temperature range. For instance,
Cryocoolers 19, edited by S.D. Miller and R.G. Ross, Jr.
©¶International Cryocooler Conference, Inc., Boulder, CO, 2016
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Numazawa et al. [8] experimentally investigated single layered AMRs with three different kinds of
magnetic refrigerants (GGIG, HoAl2, and DyAl2) and the maximum temperature span of 12 K was
DFKLHYHGDWWKHPD[LPXPPDJQHWLF¿HOGRI70RUHRYHUWKH\SURSRVHGDWKUHHVWDJH$05WR
cover the temperature span between 77 K and 20 K. Limitation of a single AMR can be overcome
by using a multi-layered AMR. A two stage, two-layered AMR [10, 11] is reported in the previous
research with an operating temperature span of 50 K.
$Q$05UHTXLUHVPDJQHWLF¿HOGYDULDWLRQGXULQJRSHUDWLRQ$VXSHUFRQGXFWLQJPDJQHWLVDQ
DSSURSULDWHFDQGLGDWHDVDPDJQHWLF¿HOGJHQHUDWRUIRUDFU\RJHQLFGHYLFHVXFKDVDK\GURJHQOLTXH¿HU3UHYLRXVUHVHDUFKJURXSV>@XVHGGLUHFWFXUUHQW '& VXSHUFRQGXFWLQJPDJQHWWRDSSO\
WKHQHFHVVDU\PDJQHWLF¿HOGWRWKH$057KHPDJQHWLF¿HOGYDULDWLRQRIWKH$05ZDVSRVVLEOH
by relative displacement between the AMR and the magnet. However, continuous movement of
an experimental device in a cryogenic environment often undermines its reliability. For a static
AMRR, an alternating current (AC) low temperature superconducting (LTS) magnet was selected
E\SUHYLRXVUHVHDUFKHUV>@WRFUHDWHPDJQHWLF¿HOGYDULDWLRQ'XULQJWKH$05H[SHULPHQWD
FU\RVWDWZDV¿OOHGZLWKH[SHQVLYHOLTXLGKHOLXPWRUHPRYHKHDWIURPWKH/76PDJQHWFDXVHGE\$&
ORVV8VLQJOLTXLGKHOLXPLVQHLWKHUDQDWWUDFWLYHQRUHI¿FLHQWZD\IRUFUHDWLQJ.ZKLFKHQDEOHV
a potential refrigeration system to liquefy hydrogen. In order to fabricate a cryogen-free system, a
conduction cooled high temperature superconducting magnet must be prepared for operation above
20 K. This paper describes an AMRR operating between 80 K and 20 K with the conduction cooled
HTS magnet. The AMR system including the AMR, the HTS magnet and the helium oscillating
ÀRZV\VWHPLVSUHVHQWHGDQGWKHH[SHULPHQWDOUHVXOWVDUHGLVFXVVHG
EXPERIMENTAL SETUP
Conduction cooled HTS magnet system
7KH+76PDJQHWV\VWHPHPSOR\HGLQWKLVSDSHULVDPRGL¿HGYHUVLRQRIWKHSUHYLRXVO\VWXGLHG
PDJQHW>@)LJXUHVKRZVWKHRYHUDOO+76PDJQHWV\VWHP5DPSLQJFXUUHQWJHQHUDWHGE\D'&
power supply (KLN 40-76, Kepco) is applied to the magnet by passing through the conduction
cooled hybrid current leads. The hybrid current lead consists of HTS and copper current leads. Since
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Figure 1. A photo of the HTS magnet system
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$&ÀRZVWKURXJKWKHPDJQHWKHDWJHQHUDWLRQGXHWR$&ORVVKDVWREHHIIHFWLYHO\PLQLPL]HGDQG
dumped to the environment. The maximum heat generated by the magnet in the experiment is 12 W
with the operating frequency of 0.1 Hz and the magnet is conductively cooled to 20 K by a twostage GM cryocooler (RDK-415D, Sumitomo). Thermally conductive components such as copper
braided wires, a copper plate and copper supports enable the cryocooler to cool the magnet with
negligible temperature difference. The magnet is composed of twelve double pancake coils which
are connected to each other by superconducting joints. Each double pancake coil was wound by
GdBCO conductor insulated with polyimide tape. The HTS coils are thermally connected to aluminum plates and aluminum wings by Stycast 2850FT in order to effectively remove heat generated
IURPWKHFRLOV7KHPD[LPXPFHQWUDOPDJQHWLF¿HOGRI7LVSURGXFHGZKHQWKHFXUUHQWRI$
is provided for the magnet whose diameter is 26 mm.
Active magnetic regenerator
The two stage AMR is composed of four different kinds of rare-earth compounds and shown
LQ)LJ7KHFRPSRXQGVDUH¿OOHGLQWKHWKLQZDOOHGVWDLQOHVVVWHHOWXEHZLWKWKHLQQHUGLDPHWHURI
PP7KHWRSHQGRIWKHVWDLQOHVVVWHHOWXEHLVZHOGHGZLWKDVWDLQOHVVVWHHOÀDQJH7KHVWDLQOHVVVWHHOÀDQJHLVPHFKDQLFDOO\¿[HGWRDQDOXPLQXPUDGLDWLRQVKLHOGE\VFUHZV(DFKFRPSRXQG
is allocated by its primary transition temperature. GdNi2 and Dy0.85Er0.25Al2 which have relatively
high transition temperatures are stacked in AMR1 while Dy0.5Er0.5Al2 and Gd0.1Dy0.9Ni2DUH¿OOHG
in AMR2 to cover low temperature region. A heater made by NiCr wire is installed in order to
PDLQWDLQWKHZDUPHQGRIWKH$05DW.7KH¿OOLQJUDWLRRIWKH$05LVGHWHUPLQHGE\DRQH
GLPHQVLRQDOWLPHGHSHQGHQWQXPHULFDOPRGHODQGWKHQXPHULFDOUHVXOWVDUHLQGLFDWHGLQ)LJ(DFK
operation temperature of AMR1 or AMR2 is set to 80 - 45 K or 45 - 20 K by numerical simulation.
3UHFLVHQXPHULFDOFDOFXODWLRQPHWKRGLVH[SODLQHGWKRURXJKO\LQSUHYLRXVVWXG\>@%HFDXVHWKH
heat capacity of AMR1 is much higher than AMR2, the optimum shuttle mass for AMR1 is larger
than AMR2. A bypass line made of 1/16 inch stainless steel tube is installed between AMR1 and
AMR2 to control the amount of the shuttle mass for each AMR. Four calibrated temperature sensors
(Cernox, Lakeshore) are installed on the external surface of the AMR to measure the temperature
variation. The experimental apparatus including the AMR and the HTS magnet in the cryostat is
evacuated below 10-4 torr during the experiment.
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Figure 2. (a) Schematic diagram and (b) a photo of the AMR
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Figure 3.&RROLQJFDSDFLW\RI D ¿UVW $05 DQG E VHFRQGVWDJH $05 RIWKH$05FDOFXODWHG
by numerical simulation.

+HOLXPRVFLOODWLRQÀRZV\VWHP
7KHKHOLXPJDVRVFLOODWLRQÀRZV\VWHPLVLOOXVWUDWHGLQ)LJ7KHRVFLOODWLQJÀRZLVSURYLGHG
E\DKHOLXPFRPSUHVVRU 0$XVWLQ6FLHQWL¿F DQGWZRVROHQRLGYDOYHV+HOLXPFRPSUHVVRU
JHQHUDWHVDSUHVVXUHGLIIHUHQFHDQGWKHLQOHWSUHVVXUH 3 FKDQJHVE\RSHQLQJWZRVROHQRLGYDOYHV
DOWHUQDWLYHO\:KHQSHULRGLFLQOHWSUHVVXUHYDULDWLRQRFFXUVKHOLXPJDVÀRZVWKURXJKWKH$05
and its shuttle mass is determined by the size of the buffer volumes, V1 and V2. Figure 5 shows the
IDEULFDWHGEXIIHUWDQNVWRFUHDWHWKHGHVLUDEOHDPRXQWRIRVFLOODWLQJÀRZ6LQFHWKHKHOLXPJDVZLWK
DPELHQWWHPSHUDWXUHHQWHUVLQWRWKHFU\RVWDWWKHJDVLVFRROHGE\WKH¿UVWVWDJHRI*0FU\RFRROHU
0RUHRYHUSDVVLYHUHJHQHUDWRUV 555 DUHDGGHGDWWKHRVFLOODWLQJKHOLXPÀRZOLQHWRUHGXFH
the cooling load of the cryocooler and AMR1.
EXPERIMENTAL CONDITIONS AND RESULTS
Experimental process and operating conditions
The experimental procedure is as follows:
1. Evacuate the AMR system for good thermal insulation.
2. Cool down the AMR system including the HTS magnet and the AMR by a cryocooler.
3URFHHGZLWK+76PDJQHWWHVWFRQWLQXRXV$&RSHUDWLRQ
2VFLOODWHKHOLXPJDVÀRZ
5. Conduct the AMR experiment until the cyclic steady state is obtained.
6. Change the operating conditions.
3
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Figure 5.3KRWRRIWKHEXIIHUYROXPHV D 9FRPSRVHGRIIRXUVWDLQOHVVVWHHOUHVHUYRLUVDQG E 9
connected to the cold end of the AMR2

7KHKHOLXPJDVÀRZDQGWKHPDJQHW¿HOGYDULDWLRQGXULQJRQHF\FOHDUHLOOXVWUDWHGLQ)LJ
7KH$05LVSVHXGRDGLDEDWLFDOO\PDJQHWL]HGZLWKRXWKHOLXPÀRZDW¿UVW:KHQWKHPDJQHWLF¿HOG
UHDFKHVLWVPD[LPXPYDOXHWKHXSÀRZLVLQGXFHGVRWKDWWKHKHDWJHQHUDWHGGXULQJWKHPDJQHWL]Dtion process is rejected through the top of the AMR. Next, the AMR is demagnetized in a pseudoDGLDEDWLFPDQQHUWRFUHDWHORZWHPSHUDWXUH7KHGRZQÀRZDIWHUGHPDJQHWL]DWLRQSURGXFHVDFRROing effect at the bottom of the AMR. Three experimental cases are reported in this paper. Ramping
XSRUGRZQWLPHRIWKHPDJQHWLF¿HOGLVVHWWRVHFRQGVLQDOOFDVHVZKLOHWKHFRQVWDQWPDJQHWLF
¿HOGWLPHVRUWKHÀRZSHULRGRIWKHWKUHHFDVHVDUHVSHFL¿HGDVVHFRQGVUHVSHFWLYHO\7KH
RVFLOODWLQJKHOLXPÀRZLVJHQHUDWHGGXULQJWKHFRQVWDQWPDJQHWLF¿HOGSHULRGWRVLPXODWHPDJQHWLF
UHYHUVH%UD\WRQF\FOH7KHPD[LPXPDPSOLWXGHRIEXIIHUYROXPHV¶SUHVVXUHVZLQJ 3 ZKLFKLV
LQSURSRUWLRQWRWKHDPRXQWRIWKHVKXWWOHPDVVLVFRQWUROOHGE\WKHKHOLXPÀRZWLPH7KHSUHVVXUH
VZLQJDPSOLWXGHLQFUHDVHVDVWKHJDVÀRZWLPHGXULQJKDOIF\FOHODVWVORQJHU7KHWHPSHUDWXUHVRI
the AMR, the pressures of the inlet and the buffer volume (V1) and the electric current supplied to
the magnet are recorded at a rate of 10 samples per second using the Labview® program during the
experiment. A summary of the operating conditions for three cases is presented in Table. 1.

5DPSSHULRGRI
WKHPDJQHWLFILHOG
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Figure 6.0DJQHWLF¿HOGDQGPDVVÀRZUDWHYDULDWLRQGXULQJRQHF\FOH WKHPLQXVVLJQPHDQVGRZQ
ÀRZRIWKHKHOLXPJDV
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Table 1. Operating conditions of the AMR system
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Case 1

Case 2

Case 3

Cycle period (s)

20



40

'XUDWLRQRIPDVVÀRZGXULQJKDOIF\FOH V

7

12

17



magnetization or demagnetization period (s)
Buffer volume (m3)

2.79 x 10

V2

[-5

R1, R2

0.2

R3

0.15

Diameter (m)

R1, R2, R3

0.248

Porosity (-)

R1, R2, R3

0.65

Max.



/HQJWK P
Regenerator

V1

P1 (MPa)



Min.

P2 (MPa)
6KXWWOHPDVVFDOFXODWHGE\32
GXULQJKDOIF\FOH J

Max.

1.09



1.17

Min.

0.76

0.67

0.58

AMR1

1.81





AMR2



0.42

0.54

Experimental results and discussions
Figure 7 shows the temperature history of the AMR for Case 1. The warm end of the AMR1
$05+ LVFRROHGWR.E\WKH¿UVWVWDJHRIWKH*0FU\RFRROHUDWWKHEHJLQQLQJRIWKHRSHUDtion. During of the AMR operation, we can observe that the AMR temperature slowly decreases
as shown in Fig. 7(a). A heater installed at the warm end of the AMR is turned on after the thermal
cyclic steady state of the AMR is reached. The temperature of the AMR1H is held near 80 K by
the heater as shown in Fig. 7(b). The no-load temperature spans and the lowest temperature of the
$05DUH.DQG.UHVSHFWLYHO\LQ&DVH,IWKH$05GRHVQRWH[SHULHQFHPDJQHWLF¿HOG
variation, the overall temperature of the AMR slowly rises and it can be observed in Fig. 7(b) after
18,000 seconds. The temperature variation during two cycles at the cyclic steady state is shown in
Fig. 8(a). When the AMR is magnetized, the AMR temperature increases due to MCE. The cold
HQGVRIWKH$05 $05/ DQG$05 $05/ DUHFRROHGGRZQE\WKHXSÀRZRIWKHKHOLXPJDV
DIWHUPDJQHWL]DWLRQ,QFRQWUDVWWKHWHPSHUDWXUHRI$05+VOLJKWO\LQFUHDVHVLQXSÀRZSHULRG7KLV

(a)

(b)

Figure 7. Temperature history of the AMR of case 1 (a) without heating (b) with heating of the AMR1H.
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Figure 8. D 7HPSHUDWXUHYDULDWLRQRIWKH$05DQG E SUHVVXUHYDULDWLRQRIWKH3DQG3GXULQJWZR
cycles at case 1.

PHDQVWKDWWKH$05GXPSVKHDWDWWKHZDUPHQGE\WKHXSÀRZRIKHOLXPJDVZKLFKH[FKDQJHV
KHDWZLWKWKHPDJQHWLFUHIULJHUDQW7KH$05LVGHPDJQHWL]HGDIWHUWKHXSÀRZRIWKHKHOLXPJDV
DQGLWVWHPSHUDWXUHGHFUHDVHV)LQDOO\WKHWHPSHUDWXUHRIWKH$05LQFUHDVHVLQWKHGRZQÀRZ
SHULRGEHFDXVHWKHKHDWHGKHOLXPJDVIURPWKHZDUPHQGÀRZVWKURXJKWKH$05DQGH[FKDQJHV
KHDWZLWKWKHPDJQHWLFUHIULJHUDQWV7KHSUHVVXUHVZLQJRIWKHLQOHWRIWKH$05 31 DQG9 32)
LVVKRZQLQ)LJ E 7KHSUHVVXUHYDULDWLRQRI31 is identical in all cases. However, the amplitude
RI32GHSHQGVRQWKHÀRZGXUDWLRQ,WLVLQWHUHVWLQJWRQRWHWKDWWKHWHPSHUDWXUHVSDQRIWKH$05
increases in accordance with the amount of shuttle mass, even though the operating frequency of
WKH$05V\VWHPGHFUHDVHV7KHODUJHVWWHPSHUDWXUHVSDQRI.LVDFKLHYHGLQFDVHDQGWKH
result is shown in Fig. 9(b). The shuttle mass of AMR1 in case 2 was estimated as the amount for
RSWLPDOSHUIRUPDQFHRIWKH$05LQWKHQXPHULFDOUHVXOWVDVVKRZQLQ)LJ+RZHYHUWKHODUJHVWWHPSHUDWXUHVSDQRIWKH$05LVDFKLHYHGLQWKHFDVH7KLVGLVFUHSDQF\FDQVWHPIURPWKH
LQHI¿FLHQF\RI56LQFH5LVQRWDQLGHDOUHJHQHUDWRUWKHFROGHQGRI5FRQQHFWHGZLWKthose of
AMR1 deprives cooling capacity of AMR1 to maintain low temperature. The parasitic heat load by
5LVLQÀXHQFHGE\WKHRSHUDWLQJIUHTXHQF\WKHVKXWWOHPDVVDQGWHPSHUDWXUHVSDQRI5,I9LV
LQVWDOOHGLQWKHFU\RVWDWE\UHPRYLQJ5DQG5ZHFDQGLUHFWO\FRPSDUHWKHH[SHULPHQWDOUHVXOWV
with the numerical results. The pressure swing of helium gas in V2 is not directly measured in this
paper. If we assume the pressure swing in V2 is identical to that in V1, the shuttle mass of AMR2
can be estimated and the results are included in Table 1. Because the calculated shuttle masses in
three cases are smaller than the optimal value (0.7 g) which is predicted by the numerical results
RI)LJWKHWHPSHUDWXUHVSDQRI$05LVH[SHFWHGWREHIXUWKHULQFUHDVHGE\WUDQVIHUULQJPRUH
shuttle mass of helium gas.
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CONCLUSIONS
The multi-layered AMR operating between liquid nitrogen and hydrogen temperatures is designed, fabricated and tested. Four different kinds of magnetic refrigerants are arranged in the AMR
bed. The cold end of the AMR reaches no-load temperature of 21.8 K and the maximum temperature
span of 59 K is achieved. The performance of the AMR is investigated with various shuttle masses
of helium gas. The temperature span of the AMR is increased with the increased the shuttle mass
of helium. The numerical results predict that the performance of the AMR should decrease if the
amount of the shuttle mass exceeds a certain value. In order to observe the performance tendency
of the AMR, the buffer volumes (V1, V2) should be enlarged to increase the shuttle mass. FurtherPRUHWKHLQHIIHFWLYHQHVVRIWKHDX[LOLDU\SDVVLYHUHJHQHUDWRU 5 GHWHULRUDWHVWKHSHUIRUPDQFHRI
the AMR1. Installation of the buffer volume, V1 in the cryostat will minimize heat leak at the cold
end of the AMR1.
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