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ABSTRACT

This paper describes a new method of hydrogen liquefaction with a newly developed magnetic refrig-
erator. Magnetic refrigeration makes use of the magnetocaloric effect, and is well known as an efficient
method, in principal, because its cooling cycle can closely follow the Carnot cycle with appropriate heat
switches. A liquefaction principle of our magnetic refrigerator is based on a thermo-siphon method, in
which liquid hydrogen is condensed directly onto the surface of magnetic refrigerants and drops down-
ward. Therefore, the magnetic refrigerants are required to have relatively large entropy change at liquefac-
tion temperature of hydrogen and hydrogen resistance. Since most metal compounds don’t satisfy the
latter condition, we have developed a new ceramic polycrystal magnetic refrigerant named dysprosium
gadolinium aluminum garnet (DGAG). In the liquefaction experiments, we have successfully liquefied
hydrogen gas preliminarily cooled to a temperature slightly above the boiling point. Liquefaction was con-
firmed by the temperature variation of the DGAG, and the resultant condensation efficiency was found to
approach 90% of the Carnot efficiency. The maximum cooling power was 14.6 W.

INTRODUCTION

In late years, importance of hydrogen energy for a fuel cell society is ever-increasing. The technology
for ahydrogen infrastructure consists of the preparation, the transportation, the storage and the utilization
of'hydrogen. For transportation, it is desirable for hydrogen to be in a liquid form from the viewpoint of
transport efficiency, and a great effort has been made on hydrogen liquefaction method.!2 Compared to
conventional and existing liquefaction systems using a Joule-Thomson (J-T) valve, magnetic refrigeration
for hydrogen liquefaction has a great potential.> One of the greatest advantages of magnetic refrigeration is
that its cooling cycle can closely follow the Carnot cycle.

In consideration of these circumstances, we have developed a new magnetic refrigerator to liquefy
hydrogen. Magnetic refrigeration is a method which makes use of the magnetocaloric effect. This effect
causes magnetic materials to become warm by magnetizing and to cool by demagnetizing the applied
magnetic field. A basic idea of the magnetocaloric effect is widely known to create ultra-cold temperatures
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below 1 K.45Recently, followed by progress on the performance of magnetocaloric materials, and the invention of
anew cooling cycle, the magnetic refrigeration is achieving its practical use in the higher temperature region.6-12

Liquefaction study by magnetic refrigeration was first demonstrated by Numazawa using helium, and
the efficiency was found to reach 50% Carnot.? In succeeding years, Ohira developed a magnetic refrig-
erator which operated at 20 K, hydrogen liquefaction temperature, and obtained a cooling power of 0.21
W.13 These magnetic refrigerators are called static refrigerators because the magnetic refrigerant is mo-
tionless. The magnetic field applied to the refrigerant is varied by sweeping the current in a superconducting
magnet. Since the typical sweep rate of the superconducting magnet is 10mT/sec, 1 cooling cycle takes
1600 sec (6.25*10* Hz) in the case of 8T operation to result in poor cooling power. In this study, in order
to increase the cooling power, the magnetic field applied on the refrigerant is controlled by moving the
magnetic refrigerant. In this manner, cooling cycle frequency was found to increase up to 0.5 Hz. It was
also shown in the previous calculation that a cooling cycle simulation applied to our magnetic refrigerator
gives considerably high efficiency even in the high frequency operation.!4

HYDROGEN LIQUEFACTION
Liquefaction Principle

Our hydrogen magnetic refrigerator is premised on using hydrogen gas cooled to a temperature slightly
above the liquefaction temperature (20.28 K) at atmospheric pressure. This precooling stage is originally
planned to be conducted by another magnetic refrigeration system called an Active Magnetic Refrigeration
(AMR), which is not the topic of this paper.!> Figure 1 shows this refrigerator condenses hydrogen gas
directly on the surface of the magnetic material, subsequently liquid hydrogen drops downwards to a
reservoir. The principle is equivalent to a thermo-siphon, a type of a heat pipe, and categorized into the
heat transport regime making use of the gravity unlike the normal thermo-siphon which uses capillary
phenomena for liquid circulation. As seen in Fig. 1, the hydrogen gas is liquefied directly on the magnetic
material surface eliminating heat exchanger loss and increasing the efficiency.

Hydrogen Magnetic Refrigerator

Figure 2 shows our magnetic refrigerator consisting of a magnetic refrigerant, a 6 Tesla superconduct-
ing magnet and a heat switch. The magnetic field applied to the magnetic refrigerant is varied by moving the
refrigerant (0.28 kg of DGAG) by 15 cm in the magnet with a drive shaft connected to an air compressor.
Since the superconducting magnet is a solenoid type of a magnet without a bucking coil, the magnetic field
only reduces to 1T at 15 cm away from the magnet center. However, DGAG exhibits a large entropy
change at a higher magnetic field and the 15 cm stroke shouldn’t matter.

In Fig. 2, at the start of the cooling cycle, DGAG initially at the center of the magnet, starts to move
downwards to a shaded area called the liquefaction stage and decreases its temperature by the
magnetocaloric effect. Hydrogen gas filling the liquefaction stage starts liquefying when the DGAG tem-
perature dips below the liquefaction temperature. After a certain period, DGAG starts to move back to the
original magnet center and increases in temperature. Heat from DGAG is expelled at the magnet center
with a gas-gap heat switch connected to a conventional Gifford-MacMahon (G-M) mechanical cryo-
cooler. For our refrigerator, the operation frequency is adjustable from 0.01 Hz to 0.5 Hz, but a high
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Figure 1. Liquefaction principal of our magnetic refrigerator based on thermo-siphon method.
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Figure 2. A picture (left) and a drawing (right) of our magnetic refrigerator

power air compressor is needed for higher frequencies because it is difficult for the air compressor to
recharge the air in time at higher frequencies.

As for athermal aspect of the refrigerator, the drive shaft is a critical component because the top of the
shaft is exposed to the room temperature and the bottom is at liquid hydrogen temperature, 20 K. In
addition, the shaft brings shuttle heat transfer by moving up and down. In order to minimize the heat leak,
the two different materials, stainless for the upper half shaft and FRP for the lower shaft, are used for the
drive shaft because the upper shaft is closed up with the Wilson seal. The gas-gap heat switch is a hollow
cylinder made of copper to surround the DGAG holder with a 1 mm clearance when the DGAG holder is
at the magnet center. Generally, the performance of the gas-gap heat switch is determined by the heat
transfer coefficient given below.

h=Ald 1)

where A is the gas thermal conductivity, d is the gap width. It is seen that the heat transfer coefficient is
inversely proportional to the gap.

MAGNETIC MATERIAL

Magnetic Property and Housing of Magnetic Material

Although metal compounds are used for general magnetic refrigeration, most metals don’t satisfy the
hydrogen resistance, one of the most important properties, because the hydrogen liquefies directly on the
surface of the magnetic refrigerants. In this study, we have developed a new ceramic magnetic refrigerant,
DGAG, to avoid this difficulty. We started with the DAG since it has a relatively large magnetocaloric effect
around hydrogen boiling temperature and has been studied intensively for a long time. The reason for adding
Gd is that garnets, including Gd, tend to be magnetically isotropic. The Gd ion is generally localized in the
garnet crystal structure due to no LS coupling. In addition, adding the Gd ion increases the zero magnetic field
entropy because of the large magnetic moment of the Gd ion; J=7/2. These are important factors to enhance
the magnetocaloric effect. Fig. 3 shows the entropy diagram for the poly crystal 20% DGAG

To maximize the surface area of the DGAG and for the hydrogen gas to flow without large pressure
loss, the DGAG is formed in a slit shape as seen in Fig. 4. Thus, the whole DGAG holder consists of a



640 COMMERCIAL CRYOCOOLER APPLICATIONS

ou T T T T T

Entropy (J/kgK)

0 5 10 15 20 25 30
Temperature (K)
Figure 3. A picture (left) of the poly crystal 20%DGAG formed as a rectangular solid and its entropy
diagram (right) at several magnetic fields.

copper hollow cylinder and rectangular solid DGAGs line up in parallel to each other with a gap of 1 mm.
The holder is placed in parallel to the hydrogen flow direction. In addition, to minimize heat generation from
eddy current in the copper cylinder when the magnetic field is changed, the copper cylinder is divided into
4 parts to prevent eddy current to circulate in the cylinder, and its thickness is reduced to 1 mm. Conse-
quently, the heat generation was suppressed to 0.3 W at 20 K and at 0.01 Hz in the 6T magnetic field.

Magnetic Torque

The magnetic torque to the DGAG can be very large when the refrigerator operates at 6T. Since spins
tend to line up in parallel to the applied magnetic field, DGAG is attracted to the magnet center. The

magnetic torque is defined by 3B
F=M-==. )

where M is magnetization, B is the applied magnetic field, z is the distance from the magnet center. A
calculated magnetic torque to DGAG is shown in Fig. 5 with the magnetic field profile. The slope of the
magnetic field depends on DGAG position, and the maximum magnetic torque was found to reach 1kN.
This number, however, is acceptable for normal commercial air compressors. Furthermore, another calcu-
lation by the authors suggests that a twin or even multiple DGAG system will drastically reduce the single
magnetic torque.!¢ Since multiple systems can reduce the power input as well as the torque. This feature

will be employed in a next system.

EXPERIMENT AND RESULTS

Preparation of Precooled Gas Hydrogen

There are two kinds of hydrogen gas states called ortho hydrogen and para hydrogen. In an equilib-
rium state at room temperature, the ratio of ortho H, and para H, is approximately 3:1. The ratio of para

Figure 4. A picture of DGAG holder from the top view (left) and a cross shot of its schematic
drawing (right).
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Figure 5. Magnetic field profile in 6 T superconducting magnet and corresponding magnetic torque
on DGAG.

hydrogen increases when lowering the temperature and becomes almost 100% at the liquefaction tem-
perature. At any temperature, the hydrogen at ortho- para ratio of 3:1 is called normal hydrogen (n-H,).
On the other hand, the hydrogen in an equilibrium state at a certain temperature is called equilibrium
hydrogen (eH,). Due to an energy gap between n-H, and e-H,, the conversion heat from n-H, to e-H,
exists. In experiments, e-H, is set to a temperature slightly above boiling point converting ortho to para so
that the hydrogen doesn’t boil off immediately after liquefaction. Since the conversion requires several
days, a ferric oxide catalyst is used to speed up the conversion.

Preparation of Precooled Gas Hydrogen

Normally for liquefaction experiments, a liquid level detector is used to measure the amount of liquid.
In our experiments, the hydrogen liquefaction is judged from the temperature variation with thermometers
on DGAG due to the lack of an appropriate commercial level detector for our small experimental cell.
Figure 6 shows DGAG temperature variation in e-H, during liquefaction process. Grey area indicates the
demagnetizing process and the broken line is the hydrogen condensation temperature (boiling point) under
corresponding saturated vapor pressure. It is seen in Fig. 6 that the DGAG temperature starts decreasing
upon the onset of demagnetization at the point A due to the magnetocaloric effect, and ends decreasing at
the end of the demagnetization at point C. In the demagnetization process, discontinuity in the temperature
slope indicated by B is seen in Fig. 6. Since the DGAG temperature at this discontinuity coincides with the
hydrogen condensation temperature indicated by the broken line in the Fig. 6, we conclude that the dis-
continuity point means the beginning of liquefaction. For a comparison, the DGAG temperature variation in
n-H, when liquefaction doesn’t occur with a similar condition is shown in Fig. 7. It is seen that there is a
meaningful difference in the temperature change between the two cases because the gas state is closer to
the adiabatic condition which creates larger AT than in the liquid state. In other words, when liquefaction,
partly because the heat transfer coefficient becomes larger and because the cooling power is immediately
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Figure 6. The temperature variation of the DGAG in the liquefaction process. The magnetic field is
varied for 7.7 seconds in a gray area. A discontinuity point indicates liquefaction starts.
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Figure 7. The temperature variation of DGAG in n-H, atmosphere in the liquefaction process at the
speed of 7.7 sec demagnetization. Liquefaction doesn’t occur because the conversion heat is large.
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Figure 8. The temperature variation of DGAG in the liquefaction process at the speed of 2.6 sec
demagnetization. It is seen that the hydrogen is supercooled due to the fast demagnetization.

consumed by the growth of liquid film forming on the surface of the DGAG AT of the DGAG becomes
relatively smaller.

Figure 8 shows the DGAG temperature variation at a different demagnetization speed. In Fig. 8, a
discontinuity point B is seen to come to below the condensation temperature. This is because hydrogen
undergoes supercooling state due to too fast demagnetization. In addition, it is also seen in Fig. 8 that the
DGAG temperature quickly comes up to its condensation temperature.

In order to estimate the efficiency and the cooling power, the temperature variation in Figs. 6 and 8 are
converted into the entropy diagrams shown in Figs. 9(a) and (b), respectively. The entropy changes of
DGAG at several magnetic fields are also shown in Figs. 9. Both liquefaction processes in Figs. 9 are
indicated by solid lines A-B-C-D corresponding to the points in Figs. 6 and 8. A dotted line A-E-D is the
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Figure 9. The entropy diagrams converted from the DGAG temperature variation and position. A
left figure(a) is converted from Fig.8 at the speed of 2.6 demagnetization A right figure(b) is converted
from the temperature in Fig. 6.
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Figure 10. The efficiency in condensation and liquefaction process estimated from the entropy
diagram in Figure 9. The cooling power in liquefaction process also calculated and shown in the figure.

demagnetization process of the ideal Carnot cycle with the isothermal process at its condensation tem-
perature. It is seen in Figs. 9 that both liquefaction processes deviate from the Carnot processes. Nor-
mally, the demagnetization process in the Carnot cycle consists of an adiabatic process A-E and an iso-
thermal process E-D, but it is difficult to apply this analogy to the liquefaction process in our magnetic
refrigerator. Therefore, for the clarity of discussion, we define a “non-condensation” process A-B as a
period from the beginning point of demagnetization (A) to the beginning point of liquefaction (B) which
corresponds to the adiabatic process in the Carnot cycle. In the same manner, a “condensation” process
B-C-D is defined as a period from the beginning point of liquefaction (B) to the end point of liquefaction
(D) via (C).

In acomparison of Figs. 9(a) and (b), the deviation of non-condensation process A-B in the real cycle
from the Carnot cycle seems to decrease with cycle speed. This result reflects a fact that the efficiency in
this process increases with the cycle speed. The non-condensation process is equivalent to weakly “ON”
state of a heat switch due to the heat transfer from warm surrounding hydrogen gas to the DGAG. Thus, the
amount of the heat transfer that is to say the inefficiency is thought to decrease with the cycle speed. On the
contrary, it is reasonable that the deviation of the condensation process B-C-D from the Carnot increases
with the cycle speed.

Finally, the efficiency and the cooling power of our magnetic refrigerator of the liquefaction process
are estimated and shown in Fig. 10. It was found that the condensation efficiency reaches 90% Carnot and
the liquefaction efficiency reaches greater than of 50% of the Carnot efficiency. The liquefaction power is
found to decrease with demagnetization time and the maximum power was 25.3 W.

SUMMARY

We have built the magnetic refrigerator and successfully liquefied hydrogen. It was found that the
condensation efficiency accomplished 90% Carnot and the liquefaction power was 25.3 W in hydrogen
liquefaction process at atmospheric pressure. In a subsequent paper, we plan to follow the whole cooling
cycle to see the refrigerator performance. In addition, development of a hydrogen level detector to directly
measure the amount of the liquid is under way.
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