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ABSTRACT

Magnetic refrigeration is a cooling method that utilizes the magnetocaloric effect. The magnetocaloric effect induces temperature changes by varying the magnetic
moment in response to changes in a magnetic field, eliminating the need for compression work as seen in conventional gas refrigerators. This enables high-efficiency
cooling, making it suitable for cooling and liquefaction of cryogenic gases. In this study, we focused on an Active Magnetic Refrigeration (AMR) system, one of the
magnetic refrigeration methods, capable of operating over a wide temperature range, and fabricated a dedicated AMR system for hydrogen liquefaction. The AMR
developed in this study achieved a cooling power of 7.34 W and a relative Carnot efficiency of 60.5 %.

1. Introduction

Magnetic refrigeration utilizing magnetocaloric effect has been used
for many years in ultra-low temperature research as a method to pro-
duce temperatures below 1 K, called Adiabatic Demagnetization
Refrigerator (ADR) [1,2]. The first application of magnetic refrigeration
to liquefy cryogenic gases was carried out by Nakagome et al. and
Numazawa et al. [3,4]. Numazawa et al. used gadolinium gallium garnet
as a magnetic refrigerant, and a superconducting magnet to produce a
magnetic field of 3.1 T. They adopted a pulsed magnet system where
both the magnetic refrigerant and the superconducting magnet remain
stationary while inducing magnetic field changes by sweeping the cur-
rent in the superconducting magnet. Based on the results of the refrig-
eration cycle, they reported a relative Carnot efficiency of 0.17.

Their system called Carnot Magnetic Refrigeration (CMR) is, how-
ever, based on the Carnot cycle utilizing only the magnetic entropy ef-
fect, which confines the operating temperature range to a few Kelvins.
To achieve a broader operating temperature range, different approaches
beyond the inherent material properties were necessary.

To address this issue, in 1984, Barclay proposed the Active Magnetic
Regenerative Refrigeration (AMRR but we will refer to it as AMR),
which involves utilizing a magnetic refrigerant not only for its magne-
tocaloric effects but also as a regenerator to expand the temperature
range of magnetic refrigeration [5].

Switching attention to hydrogen, hydrogen liquefaction using the
CMR by the pulsed magnet was first successfully achieved by Ohira et al.
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in the year 2000 [6]. They reported a Carnot efficiency of 37 % and the
cooling power of 0.4 W. In 2006, Kamiya et al. achieved successful
liquefaction of hydrogen by reciprocating CMR by physically moving a
magnetic material in and out of a stationary magnetic field [7]. Subse-
quently, Yoshioka et al. reported that the cycle efficiency of the recip-
rocating CMR for hydrogen liquefaction was 37 % [8].

As of now, research and development on hydrogen liquefaction using
AMR are primarily being carried out by Pacific Northwest National
Laboratory (PNNL) in the United States [9], Korea Advanced Institute of
Science and Technology (KAIST) in South Korea [10], and NIMS and
Kanazawa University in Japan [11,12].

The AMR developed by PNNL plans to cover the temperature range
from room temperature to liquid hydrogen temperature with recipro-
cating AMR with dual gadolinium. In 2019, they succeeded in liquefying
propane at 218 K for the first time [13]. KAIST developed two-stage
AMR for hydrogen liquefaction with liquid nitrogen pre-cooling. The
feature of their device is that it is not reciprocating AMR but a pulsed
magnet AMR as Numazawa et al. employed in their helium liquefaction.
The AMR system developed by NIMS and Kanazawa University for
hydrogen liquefaction is the magnetic refrigeration developed by NIMS
employs the reciprocating driving of magnetic refrigerants and in-
corporates a pre-cooling GM cryocooler to control the heat rejection
temperature of the AMR. In 2022, NIMS and Kanazawa University suc-
ceeded in liquefying hydrogen using this liquefier and their achievement
was reported [14].

In this study, we report the details of the AMR hydrogen liquefaction
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experiment and discuss its cooling power and efficiency.
2. AMR cycle for hydrogen liquefaction

In this study, a tandem AMR configuration was adopted by con-
necting two AMR cylinders: upper AMR and lower AMR in series, as
shown in Fig. 1. To enable the operation of both AMRs using a single
heat exchange gas, they are driven in opposite phases to each other. The
cycle of our AMR consists of the following 4 processes: (1) Magnetize the
upper AMR and demagnetize the lower AMR, (2) Blow upward flow, (3)
Magnetize the lower AMR and demagnetize the upper AMR, and (4)
Blow downward flow. In process (1), the upper AMR warms up by
magnetization, while the lower AMR is cooled by demagnetization. In
process (2), by blowing the heat exchange gas upward, excess heat from
the upper AMR is pushed outward and expel to the external upper region
of the upper AMR. As for the lower AMR, the cooling power generated
during demagnetization is pushed upward to cool the refrigerated ob-
jects placed between the upper and lower AMRs. Process (3) is the
reverse of process (1), where the lower AMR is heated by magnetization,
and the upper AMR is cooled by demagnetization. In process (4),
downward flow pushes the excess heat from the lower AMR outward
expel to the external lower region of the lower AMR. By repeating these
four processes, the region between the upper and lower AMRs always
remains at the cold temperature, making it possible to utilize it for
cooling and liquefying hydrogen stably.

Fig. 2 shows a graph of some known magnetocaloric materials as a
function of temperature [15]. While other promising materials such as
HoB, and GdCoC have also been discovered [16-20], the well-
characterized magnetocaloric materials are selected in Fig. 2. In this
study, HoAl,, a second-order phase transition material, was employed
from among the materials shown in Fig. 2 because HoAl, covers the
range around 20 K (the hydrogen liquefaction temperature) at 1 bar and
30 K (the heat dumping temperature). To avoid hydrogen embrittlement
of HoAl; in this system, helium gas was used as the process gas instead of
hydrogen.

3. Experimental set-up

Fig. 3 shows a picture and the internal schematic of the tandem AMR
system introduced in Fig. 1 with enlargement of the AMR cylinders and a
picture of HoAly stamped particles. The AMRs are connected to an

(1) Magnetize Upper AMR and
Demag Lower AMR

Y

H

(2) Upward flow

SC magnet

-)

[~ Hydrogen

-y

n

Cryogenics 152 (2025) 104205

B:0-5T

—o— GGIG(Fe50%) —v— DyAl2

—o— ErAl2 +— GdN

| —o— HoAl2 —&— Gd5(S10.0825Ge0.8173)4
—— Hoo0.5Dyo0.5Al2 | —¢—ErCo2

<
~

AS (J/cm3 K)
e
(8]

40
Temperature (K)

60 100

Fig. 2. A graph of the entropy changes of magnetocaloric materials as a
function of temperature.

actuator (Intelligent Actuator, Inc., type RCS2- RA13R) outside the
cryostat, and the actuator drives the AMRs by moving them up and
down. As a heat exchange gas, about 1.7 MPa helium is used in this
study. The reciprocating flow required by AMRs is generated using a
compressor and 4 electromagnetic valves installed at room temperature.
Heat input from room temperature is first reduced using a regenerative
heat exchanger (RHX), then sufficiently pre-cooled through a mechan-
ical cryocooler (Sumitomo Heavy Industries, Ltd type RDK-500B) via a
conventional coil-type thermal anchor (AMR HX). The exhaust heat
from the warm ends of the AMRs is also removed by the same me-
chanical cryocooler.

3.1. Helium gas circulation unit for reciprocating flow

Since the AMR needs reciprocating flow to operate the AMR cycle, it
is essential to control the flow utilizing a simple displacer or a flow
control device composed of a compressor and 4 electric valves (EV).
Fig. 4 shows a diagram for a valve system of the AMR. Firstly, a
compressor (ULVAC CRYOGENICS helium compressor unit SW115)
supplies a unidirectional flow continuously. When a downward (clock-
wise) flow is required for the AMRs, EV1 and EV3 are opened while EV2
and EV4 are closed. Conversely, to create an upward flow, EV1 and EV3
are closed, and EV2 and EV4 are opened. The valve system in this study

(3) Magnetize Lower AMR
and Demag Upper AMR
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Fig. 1. Tandem AMR cycle for hydrogen liquefaction consists of 4 processes.
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Fig. 4. The helium gas circulation unit to create reciprocating flow for
the AMRs.

can control the timing and duration of valve openings.

3.2. Regenerative heat exchanger

To avoid an excessively large size of heat exchangers, the AMR heat
exchanger adopts a compact regenerative type instead of the conven-
tional type. This newly developed regenerative heat exchanger is inte-
grated into the AMR system. Fig. 5 is a picture of newly developed
regenerative heat exchanger, RHX as shown in Fig. 3. The RHX cylinder
shape was determined using “REGEN3.3”, a program that models heat
transfer in regenerators developed at NIST [21]. According to REGEN, it

25.3 mm

system for hydrogen liquefaction.

was found that two sets of RHX with a length of 100 mm and an inner
diameter of 25.4 mm are needed, in which 1800 sheets of #200 stainless
steel meshes are stacked.

3.3. Superconducting magnet

The AMR system must need to use magnetic field. There two options:
one is using permanent magnets, and the other is using superconducting
magnets. Permanent magnets do not require a power supply, so the
system becomes highly efficient. However, they are not suitable for
applications requiring high cooling power due to their low magnetic
field. For applications such as liquefaction that demand high cooling
power, superconducting magnets are commonly used.

Fig. 6 shows the superconducting magnet used in this study, with a
bore of 120 mm and a height of 300 mm, and a central magnetic field of
5 T. The magnet is cooled by a cryocooler at 4 K (RDE-412D4 manu-
factured by Sumitomo Heavy Industries, Ltd.). In this study, the AMR
system generates magnetic field variations by moving the magnetic
material vertically inside the superconducting magnet.

However, with a simple solenoid magnet alone, to achieve suffi-
ciently low magnetic fields of less than 0.1 T, the magnetic material
would need to be moved 700 mm from the center of the magnet.
Therefore, in this study, we fabricated a magnet system where opposing
magnetic fields are generated above and below the main magnet to
actively shield the main magnetic field, resulting in a sharp decrease in
the magnetic field outside the main magnet. Fig. 7 shows calculated
spatial distributions of the magnetic field induced with only the main

Fig. 5. A picture of Regenerative Heat Exchanger (RHX) developed in this study.
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Fig. 7. Specification of NbTi wires and magnets (left) and calculated spatial distribution of the magnetic field with and without sub magnets (right).

magnet together with the sub magnets with specification of the super-
conducting wire and the magnet system. By using this magnet, the
required movement distance of the magnetic material was reduced to
200 mm. Fig. 8 is a comparison between calculation and measurement of
the field, and it is evident that both closely match.

In the experiment, the mass flow rate and magnetic field are pro-
vided as shown in Fig. 9 to realize the AMR cycle depicted in Fig. 1.

3.4. Hydrogen vessel and level sensor

The hydrogen vessel is located within the region called the “Cold
Stage” between the upper and lower AMRs as shown in Fig. 10. Helium
flows through the Cold Stage, carrying the cold helium gas. Additionally,
a separate vessel called the hydrogen vessel is installed within the Cold
Stage to store liquid hydrogen. The hydrogen vessel has multiple
notched fins to efficiently transmit the cooling power from helium of the
AMR to the hydrogen vessel [22].

Initially, hydrogen gas is introduced inside the hydrogen vessel, and

through the AMR process, hydrogen gas in the vessel is gradually cooled
and eventually liquefied. The liquid hydrogen is detected using a liquid
level sensor. Since the hydrogen vessel is very small (inner diameter of
10 mm), commercially available liquid level sensors cannot be used.
Therefore, in this study, three custom-made small liquid level sensors
using silicon diodes were utilized for detecting liquid hydrogen [23].
The silicon diode is operated with a current higher than its rated value to
overheat. Due to the difference in heat transfer rates, the output of the
sensor varies when it is in contact with hydrogen gas compared to when
it is in contact with liquid hydrogen.

4. Hydrogen liquefaction experiment with AMR

Fig. 11 is an example of liquefaction experimental results. Fig. 11
consists of 2 graphs. The upper graph represents the temperature vari-
ation in the AMR, while the lower graph represents the output of the
liquid level sensors. The conditions of the experiment in Fig. 11 are
magnetic field of 5 Tesla, AMR cylinder speed of 50 mm/sec, helium gas
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Fig. 9. Schematic operation conditions of magnetic field variation and mass flow rate.

average pressure of 1.1 MPa, and hydrogen pressure of 0.1 MPa.

As the experiment begins, the hot end temperature of the AMR cyl-
inder increases, while the cold end temperature decreases, eventually
reaching a temperature difference of about 12 K in average between the
hot end and the cold end. Meanwhile, it can be observed that the tem-
perature of the Cold Stage is continuously decreasing.

4.1. Hydrogen liquefaction with the AMR

The outputs of the liquid level sensors are shown in the lower graph
in Fig. 11. The output voltage has been increasing from the beginning of
the experiment. The output of the silicon-diode increases with the
decrease in temperature, indicating that the hydrogen gas is cooling
down. Due to the magnetic field dependency of the silicon iron, its
output varies with the magnetization and demagnetization. However,
the output variations caused by cooling exceed the variations due to the
magnetic field, making it suitable for use as a liquid level sensor. Since
the hydrogen is in a gaseous state at the beginning of cooling, all three
liquid level sensors are uniformly getting colder. However, as the
liquefaction process begins and liquid storage commences, the liquid
level eventually reaches the lower-level sensor. Due to the different heat

transfer coefficient between gas and liquid, the temperature of the
overheated level sensors in contact with the liquid appears to further
decrease. The liquid hydrogen level continuously rises and encounters
the middle and upper-level sensors.

4.2. Cooling power and efficiency of AMR

The cooling power of the AMR in Fig. 11, which successfully
demonstrated hydrogen liquefaction, is about 3 W. Subsequently we
attempted to further improve the cooling power by increasing the mass
flow rate of the heat exchange gas. For this purpose, a SW115 manu-
factured by ULVAC cryogenics inc. with a rated power of 2 kW and mass
flow rate of approximately 1 g/s was replaced with a CSW-71 by
Sumitomo Heavy Industries, Ltd. with a rated power of 7 kW and mass
flow rate of approximately 4 g/s, and hydrogen liquefaction by the AMR
cycle was conducted.

The cooling power of the AMR in this study was measured as follows:

(1) When AMR starts, the hydrogen liquid level rises in the hydrogen
liquefaction layer.
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Fig. 11. An example of hydrogen liquefaction experiment by the AMR system.

(2) The heater is controlled so that the liquid level stays between the
level sensors 1 and 2 as shown in Fig. 12.

Sensor 1
Sensor 2
Liquid Sensor 3
hydrogen
Heater

-_—

Fig. 12. A liquid hydrogen vessel and level control using sensors 1 and 2
(Silicon Diode), and a heater.

(3) The heater output at that time is equal to the cooling power of the
AMR.

In this study, the cooling power obtained by the above procedure was
measured as a function of the cycle time of one cycle, varying only the
speed at which the magnetic material was driven. The results are slotted
in Fig. 13. In general, the cooling power increases with shorter cycle
time, but Fig. 13 shows that this is not true when the cycle time is less
than 6.6 s, with a maximum value of 7.34 W. The reason for this is that
the inefficiency of the heat exchange between the magnetic material and
the heat exchange gas exceeds the increase in cooling power when the
cycle time is less than 6.6 s.

4.3. Efficiency of AMR

In order to determine the efficiency of the AMR, an AMR cycle in the
temperature-entropy diagram during hydrogen liquefaction was plotted
as shown in Fig. 14. In Fig. 14, Temperature-Entropy (T-S) diagrams at
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Fig. 14. The temperature and entropy (T-S) diagram of AMR during liquefac-
tion. The cooling capacity Q and input work Wy, for efficiency calculation
are shown.

the hot end and the cold end of the lower AMR are plotted.

In the TS diagram, T, is defined as the temperature at the end of the
demagnetization process at the cold end, and Ty is defined as the tem-
perature at the end of the magnetization process at the hot end.
Therefore, the cooling capacity is represented by the area (Q) enclosed
in blue. It should be noted that, although not fully illustrated in Fig. 14,
the blue region in fact extends down to 0 K. Similarly, the input work is
given by the area (W) enclosed in red.

In addition to Wi, there is the pump work Wyymp required to drive
the heat exchange fluid in the AMR. Calculating Wyymp using Ergun’s
equation [24] for fluid pressure loss in a particle-filled pipe yields the
following coefficient of performance (COP) for the AMR as below:

Q

COPpyg = ———7— 3
AMR Wnag + W 3

Using the ideal (Carnot) COP calculated from T, and Ty, the relative
Carnot efficiency 7 is obtained as below:

COPyur

= COPs @

n
From Eq. (4), the relative Carnot efficiency of the lower AMR was found
to be 66.5 %.

The same calculation was performed for the upper AMR, and the
result was found to be 54.4 %, resulting in an overall efficiency of 60.5
%, which is the average of the efficiencies of the upper and lower AMRs
obtained from the T-S diagram.

5. Summary

In this study, an AMR dedicated for hydrogen liquefaction was
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developed as follows:

(1) The AMR system is designed as a tandem AMR system consisting
of two AMRs (upper and lower AMRs), so that the two AMRs are
driven by a single heat exchange gas.

(2) A gas circulation system was fabricated and introduced to
generate the reciprocating heat exchange gas necessary for the
AMR.

(3) Regenerative heat exchangers were installed to reduce the heat
input from the ambient temperature gas supplied by the circu-
lation system in as small a space as possible.

(4) A superconducting magnet with a compensation coil was fabri-
cated to minimize the driving distance of the AMR.

The AMR cycle was demonstrated in the assembled system and was
found to successfully liquefy hydrogen, with a cooling power of 7.34 W
and a relative Carnot efficiency of 60.5 % on the T-S diagram.
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