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Environmentally Friendly Magnetic Refrigeration
Technology Using Ferromagnetic Gd Alloys

Akiko T. Saito, Tadahiko Kobayashi, Shiori Kaji, Jing Li, and Hideki Nakagome

Abstract—We have developed magnetic refrigerants particles
of ferromagnetic Gd-based alloys and a primitive magnetic
refrigeration apparatus using permanent magnets to clarify its
applicability to common refrigeration. Working temperature
range of the magnetic refrigeration can be controlled with the
Curie temperatures of the magnetic refrigerants. Several kind
of Gd-based spherically-shaped magnetic refrigerant particles
have fabricated by a rotating electrode process. Operation of an
active magnetic regenerative (AMR) refrigeration cycle with
Gd-based magnetic refrigerant particles enabled temperature
spans of more than 40 °C to be obtained at room temperature.
Optimization of multi-layered structures of magnetic
refrigerant materials having different Curie temperatures
allowed effective enlargement of the temperature span. We
achieved a cold temperature of —11 °C which is the lowest
temperature generated by AMR cycle operation under a low
magnetic field using permanent magnets. Our results show that
magnetic refrigeration has application potential for new
environmentally friendly refrigeration technology.

Index Terms—Magnetic refrigeration, magnetocaloric effect,
entropy, Gd alloy, environmentally-friendly.

I. INTRODUCTION

The field of refrigeration technology faces worldwide
problems, such as the high energy consumption of
refrigeration systems and the significant environmental
impact of refrigeration fluid emissions. The conventional
vapor compression refrigeration fluids, CFCs (chlorofluoro-
carbons), HCFCs (hydrochlorofluorocarbons), and HFCs
(hydrofluorocarbons), are ozone-depleting substances or
greenhouse gases. Therefore, they have been phased out
under the Montreal and Kyoto Protocols, and replaced with
natural refrigerants. However, these natural refrigerants also
have issues. For example, isobutene applied to the refrigerator
is flammable and ammonia applied to cooling systems for the
cold storage warehouse is harmful. Moreover, the power
consumed in refrigeration and cooling technology amounts to
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almost 30% of total electrical power use. Therefore,
environmentally friendly and efficient new refrigeration
technologies are required.

The Magnetocaloric effect [1] is a thermodynamically
reversible phenomenon involving energy conversion between
magnetic and thermal energy triggered by the application of
an external magnetic field on a magnetic refrigerant. The
magnetocaloric effect can be used to build a thermal cycle
similar to the gas compression cycle as shown in Fig. 1; this is
called magnetic refrigeration. Historically, magnetic
refrigeration using paramagnetic refrigerants having large
magnetic moments has been applied to the generation of
extremely low temperatures difficult to achieve using a gas
compression cycle [2]-[4]. In 1976, room-temperature
magnetic refrigeration was achieved for the first time, when a
high magnetic field applied to a ferromagnetic refrigerant of
gadolinium (Gd) using a superconducting magnet [5]. Energy
and environmental issues such as ozone depletion and global
warming had become obvious and had been pointed as having
been involved in emissions of refrigerant gases in the 1980s
and the 1990s. A challenge to demonstrate 18 months
continuous operation of an active magnetic regenerative
(AMR) refrigeration cycle near room-temperature was
achieved in 1997 [6]. This result showed the higher potential
coefficient of performance of AMR refrigeration than that of
the household refrigerator, although it was realized only with
a high magnetic field generated by a superconducting magnet.
Over the last few decades, AMR refrigeration using
permanent magnets has been actively investigated [7]-[17]
toward practical applications. However, there have been few
reports of attainment to cool down to below zero degree by
AMR refrigeration with permanent magnets.
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Fig. 1. Conceptual diagram of magnetic refrigeration cycle and gas
compression cycle.

In this study, magnetic refrigerant particles of several kinds
of Gd alloys were developed and their magnetocaloric
properties were characterized. The AMR-cycle performance
of the particulate Gd alloy refrigerants with layered structure
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under a low magnetic field generated by permanent magnets
was investigated. Our results show that magnetic refrigeration
has potential for application in cooling technology for
commodities.

Il. EXPERIMENTAL

A. Experimental Apparatus and Measurement Procedures
on AMR-Cycle

The experimental apparatus used in this study is shown
schematically in Fig. 2. Magnetic refrigerant particles were
packed into a cylindrical container (the AMR-unit) with a
filling rate of about 63%, after which the cylinder was filled
with heat transfer fluid. The heat transfer fluid was able to
flow through the packed magnetic refrigerant particles using
pistons movement attached to the top and bottom parts of the
cylinder. The AMR-unit was moved into and out of the bore
of a Halbach-type magnet to apply and remove a magnetic
field to and from the AMR-unit. The strength of the
magneticfield at the center of the bore was about 1.1 Tesla.
The temperature at several points in the AMR-unit was
monitored using type K thermocouples. The heat transfer
fluid in the AMR-unit was water or 20% ethylene glycol
solution. Fig. 3 represents a conceptual view of the
AMR-cycle process as follows. 1) A magnetic field is applied
to the AMR-unit, causing the magnetic refrigerants to warm.
2) The heat transfer fluid flows from the cold to the hot end
through the magnetic refrigerants, and warm heat is
transported to the hot side by the flow. 3) The magnetic field
is removed from the AMR-unit, causing the magnetic
refrigerants to cool down. 4) The heat transfer fluid flows
from the hot to the cold end (the opposite direction to step I1)
through the magnetic refrigerants, and cold heat is transported
to the cold side by the flow. After repeated cycles, a
temperature gradient is generated in the AMR-unit. The cycle
frequency was controlled by speed of the pistons movement.
The AMR-unit and a Halbach-type magnet were set in a
temperature- controlled room to keep the ambient
temperature constant during AMR-cycle operation. The main
operating conditions are given in Table 1. The refrigeration
properties of the AMR-cycle were examined under several
conditions.
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Fig. 2. Schematic of experimental apparatus.

B. Material Preparation and Characterization
Gadolinium has been considered as a promising refrigerant

candidate for room-temperature magnetic refrigeration,
because it shows a large entropy change around its Curie
temperature (T¢) of 294 K (~21 °C). To extend the working
region to lower temperature, we designed and prepared a
series of ferromagnetic Gd-based alloys. The transition
temperatures and magnetic properties of the obtained
Gd-based alloys were confirmed by magnetic measurements
using a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design). The Gd-based
alloys were shaped into spherical particles using the rotating
electrode process. Pristine spherical particles with a metallic
sheen and a diameter of 0.2 to 1.2 mm, controlled by changing
the rotation speed of the mother alloy electrode, were
obtained. The magnetic entropy change AS; of spherical
shaped Gd alloys was estimated from magnetization curves
using Eqg. 1 derived from the integration of the Maxwell
relations,

H,
oM
AS, = j[a—T]HdH )

1

where S, and M are the magnetic entropy and magnetization
of the magnetic material, T is the temperature and H is the
magnetic field. Several different AMR-units were packed
with magnetic refrigerant particles (about 100 g) of different
particle size and composition, or with layers of a number of
different magnetic refrigerant materials. The specifications of
the AMR-units are given in Table II.

Magnetic
materials

(1]
Fig. 3. Conceptual diagram of the AMR-cycle process.
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TABLE I: AMR-CYCLE OPERATION CONDITIONS

Parameters of AMR-cycle operation and conditions

Ambient temperature T; (°C) 0-30
Displacement of piston d (mm) 5-10
Cycle frequency f (Hz) 0.1-0.4

TABLE Il: THE ARRANGEMENT OF CHANNELS

Magnetic refrigerants

Ratio of | Particle size
materials (m)

Structure N ]
Composition of materials

Single-layer A | Gdioo 1 500

Single-layer B | GdggsY15s 1 500, 600, 780

Double-layer | GdgoH010/ GdggsY1s 1:1 500/ 500

Triple-layer A | GdggH010/ GdgsYs/ GdogsY1s{1:1:1 500/ 500 / 500

Triple-layer B | GdggH010/ GdosYs/ GdggsY15| 10 : 3 : 10 |500/500 /500

I1l. RESULTS AND DISCUSSION

Magnetization measurements revealed that the Curie
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temperatures of the Gdio.xRy alloys (R =Y, Ho, Er) decreased
linearly with increasing x in the range of x < 15 as shown in
Fig. 4. Several of these Gd-based alloys were selected and
shaped into particles for application to AMR-cycle operation.
Fig. 5 shows the temperature dependences of the magnetic
entropy changes AS,, of the Gd alloy particles used in the
AMR-cycle experiments. Each of the Gd alloys showed a
peak at around their T¢ in the AS,,,. The peak value of AS,, for
Gdog5Y 15 GdgsYs, and GdgyHo4o Was equal to or higher than
that of Gd, whereas T¢ was clearly lowered as intended. The
refrigeration properties of the several kinds of AMR-units
listed in Table Il were investigated under various conditions.
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Fig. 4. Curie temperatures of Gdig-«Ryx alloys (R =Y, Ho, Er).
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Fig. 5. Temperature dependence of magnetic entropy changes ASp in
spherical particles of Gd-based alloys associated with the external field
change ApoHext=1T.

Fig. 6 shows a picture of main part of the refrigeration test
apparatus and the AMR-unit. Thermocouples were installed
into the AMR-unit, and tips of the thermocouples were placed
at nine locations in the refrigerant particles, and in the heat
transfer fluid at the hot and the cold ends. According to the
described procedure as shown in Fig. 3, AMR-cycle was
operated by up-and-down motion. Fig. 7 shows the results of
AMR-cycle test using single-layered AMR-unit with Gd
spherical particles at ambient temperature T; = 19 °C. The
inset in Fig. 7 demonstrates the temperature changes at the hot
end and the cold end of the AMR-unit during AMR-cycle
operation. The temperatures of both ends were almost the
same initially and gradually changed along with the
generating a temperature gradient inside of the AMR-unit by
AMR-cycle operation to become saturated. The temperature
difference between both ends in a steady-state, defined as the
temperature span ATgpn, is shown in Fig. 7 as a function of
AMR-cycle frequency. The temperature span increased
linearly with increasing cycle frequency in the range of 0.1< f
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< 0.4. The saturation behavior of both ends temperature is due
to the balancing of generation of temperature gradient by the
AMR-cycle and heat flow from the higher to the lower
temperature region. Therefore, increase of cycle frequency
contributed to enhancement in the generating temperature
gradient that resulted in the increase of ATggap.

Effects of particle size and piston displacement on ATggan
were also investigated. Fig. 8 shows the particle size
dependence of ATy, on the single-layered AMR-unit with
GdegsY15 spherical particles operating the AMR-cycle at f
=0.4 Hz, T;= 15 °C with the parameter of piston displacement.
The temperature span decreased with increasing piston
displacement from 5 mm to 10 mm. This is attributed to
excess mixture of the heat transfer fluid in the hot-side and the
cold-side of the AMR-unit. With decreasing particle size from
780 pm to 500 um, ATy, became larger and saturated at each
piston displacement. The smaller the particle size, the larger
the heat exchange area between the magnetic refrigerant
particles and heat transfer fluid to contribute to enhance
refrigeration performance. At the same time, the smaller the
particle size, the larger the pressure loss in the heat transfer
fluid to deteriorate the performance. Therefore, there is an
optimum particle size determined by the trade-off between an
increased heat exchange area and pressure 10ss.

Fig. 6. Picture of the AMR-cycle apparatus and AMR-unit. The AMR-unit
moves down into the bore of a Halbach-type magnet to apply a magnetic
field to the magnetic refrigerant particles packed in the AMR-unit.
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layered AMR-unit with Gdes5Y1.5 Spheres operating at f = 0.4 Hz and T =
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Next, AMR-cycle experiments were performed with the
multi-layered structures listed in Table I, which contained
multiple refrigerant materials having different Curie
temperature, Tc. Fig. 9 shows the ambient temperature
dependences of AT, for a single-layered structure with
Gdgg5Y 15, double-layered structure with GdgyH01¢/Gdgg5Y 1 5,
and triple-layered structures with  GdggHO01¢/Gdgs5Y5
/GdggsY 15 (A and B) refrigerants. The particle size of each
refrigerant was 500 um, and the same cycle frequency (f =0.4
Hz) and piston displacement (d = 5 mm) were used. For the
single-layered structure with GdggsY1s particles, ATgpm
exhibited a broad peak at about 40 °C, around T;= 10 °C. The
double-layered structure, which additionally contained
GdgoHoy, particles, showed a larger peak at lower temperature
Ti= 5 °C. The result is in accordance with the lower T of
GdggHoy refrigerant. The peak value of ATy, increased
further in the triple-layered structures (A and B), which
contained GdgsYs between the GdggH0;9 and GdggsYqs
refrigerants arranged in order of the Tc. The AMR-unit with
triple-layered structure B exhibited the larger ATgy,,= 45 °C at
T; = 5 °C than that with triple-layered structure A which
constructed by divided equally parts packed these three kinds
of materials. In these AMR-units of triple- layered structure A
and B, the ratio of amounts of the materials were differ from
each other, while the refrigerant materials and their order
were the same. These results indicate that there is an optimum
ratio of amounts of each refrigerant material to give the best
performance in ATpan.
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Fig. 9. Temperature span, ATspan, as a function of ambient temperature for
single-layered with Gdgg 5Y1.5, double-layered with GdgoH010/ Gdgg 5Y15 and
triple-layered with GdgoH010/GdesYs/GdegsY 15 refrigerants. Close circles
and open circles represent triple-layered structure A and B, respectively.

As for the triple-layered structure, effect of the piston
displacement on ATg, Wwas investigated regarding
temperature distribution in the AMR-unit. The slope of
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temperature inside the AMR-unit became gently with
increasing piston displacement as shown in Fig. 10, this leads
to the decrease in the value of ATy, It is consistent with the
results in the case of the single-layered AMR-unit mentioned
above, and thought to be due to excess mixture of the heat
transfer fluid in the hot-side and the cold-side of the
AMR-unit. Temperature changes at the hot and the cold ends
in an optimal condition with triple-layered structure B are
shown in Fig. 11, where the cycle frequency f = 0.4 Hz and
piston displacement d = 5 mm. Cold temperature of —11 °C
was attained which is the lowest temperature generated by
AMR-cycle operation under a low magnetic field using
permanent magnets.
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Fig. 10. Steady-state temperature distributions in the AMR-units for
triple-layered structure with GdggH010/GdgsY5/Gdgg5Y 1.5 refrigerants at
different piston displacements.
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Fig. 11. Temperature changes at the hot end and the cold end of the
AMR-unit with the triple-layered structure B constructed of
GdgoH010/GdgsY5/Gdgs 5Y 1 5 refrigerants during AMR-cycle operation at f =
0.4 Hz and Tij=5°C.
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In terms of ambient temperature dependence, ATggq,S Of the
triple-layered structure decrease rapidly in the higher
temperature region compare to that in the single-layered
structure, as shown in Fig. 9. To understand the different
behaviors of the ambient temperature dependence of AT, of
the triple-layered and single-layered structure, the internal
temperature distributions in the different AMR-units were
studied particularly. Fig. 12(a) and Fig. Fig. 12(b) show the
steady-state temperature distributions in the AMR-units
containing the single-layered structure B and the triple
-layered structure B at different ambient temperature T;s. The
horizontal lines in the graphs of Fig. 12(a) and Fig. 12(b)
represent the Curie temperatures of the refrigerant materials
packed in different positions. The refrigerant materials
located around a position corresponding to the point at the
intersection of temperature curves with horizontal lines work
best. Then, it is obvious that the effective volume of the
working refrigerant in the triple-layered structure B for T; =
5 °C was considerably larger than that in the single-layered
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structure B for T;= 10 °C in the best performances of both.
However, with increasing ambient temperature, the internal
temperature distribution in the triple-layered structure B
changed rapidly from preferable to mismatched, because the
arrangement of refrigerant materials was optimal at T;=5 °C.
In the case of the single-layered structure B, the effective
volume of the working refrigerant did not significantly change
in the range of 7 < T; < 20. This caused the ambient
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temperature dependence of ATg., in the single-layered
structure to exhibit a broad peak as shown in Fig. 9. These
results indicate that optimization of the arrangement of
multiple refrigerant materials having different optimum
working temperature according to the internal temperature
distribution will realize the best refrigeration performance.
However, at the same time, excess optimization will
deteriorate the robustness of the performance.
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Fig. 12. Steady-state temperature distributions in the AMR-units containing (a) single-layered structure B with GdgssY1.5, and (b) triple-layered structure B
with GdgoH010/Gdgs Y5/Gdgg 5 Y1 5 at different ambient temperatures.

IV. CONCLUSION

Aiming towards application to practical cooling systems,
we have developed a primitive magnetic refrigeration
apparatus using permanent magnets to clarify the possibility
of low-temperature generation such as sub-zero range from
room temperature operation. Operating an AMR-cycle with
Gd-based alloy magnetic refrigerant particles under a low
magnetic field generated by permanent magnets, we
succeeded in obtaining the temperature spans of more than
40 °C at room temperature. The temperature span was
enlarged when optimized multi-layered structures of magnetic
refrigerant materials having different optimum working
temperatures were used. A lowest temperature of —11 °C was
achieved. Adopting a rotary system for changing the magnetic
field which applied to the magnetic refrigerant enables
AMR-cycle frequency to be higher, and could improve the
refrigeration performance. Although there are still many
problems to be overcome, magnetic refrigeration has
potential for application to new environmentally friendly
refrigeration technology.
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