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Abstract

A model active magnetic regenerator refrigerator (AMR) with the Brayton-
like operation cycle was analyzed by numerical cycle simulation in the tem-
perature range between 20 and 77K. In order to study the performance using
magnetic material with various transition temperatures Tc, entropy of mag-
netic material with second order phase transition was calculated using mean
field theory and Debye approximation. The cooling performance is shown to
be high when the heat exhaust temperature is close to the transition tem-
perature. It is shown that the optimized operation condition depends on
both Tc and operation temperatures. Multi-layered AMR beds were shown
to improve the performance of AMR. Muti-stage AMR was also discussed.

Keywords: A: Magnetic, B: Hydrogen, E: Magnetic refrigeration

1. Introduction

Hydrogen energy is considered a good alternative to fossil fuels, because
burning hydrogen does not produce greenhouse gases. Considering efficient,
economic transport and storage, liquid hydrogen should be useful because of
its high density. The key technology to use liquid hydrogen is the efficiency
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of liquefaction because the energy consumption to liquefy hydrogen is larger
than 10 % of the combustion energy of hydrogen. Compared to conventional
liquefaction systems using Joule-Thomson expansion, magnetic refrigeration
has a great potential for highly efficient hydrogen liquefaction.

Magnetic refrigeration is very attractive, since it makes use of the mag-
netocaloric effect and thus has the potential to be more efficient than ordi-
nary gas expansion. The magnetocaloric effect is the thermal response of a
magnetic material to a changing magnetic field. When the field is applied,
magnetic entropy is reduced due to the alignment of the spins by the field.
If the field is reduced adiabatically, the total entropy of the material is con-
served, and the increase in magnetic entropy causes the lattice entropy to
decrease. This results in a temperature decrease of the magnetic material,
and is the basis of magnetic refrigeration. Magnetic refrigeration is used to
achieve ultra low temperature by adiabatic demagnetization of nuclear spins.
In recent years, magnetic refrigeration research has been expanded to various
temperature ranges from low temperature to room temperature [1–8].

Preliminary studies showed that a magnetic refrigeration hydrogen liq-
uefier was possible to provide reduction of capital and operation costs over
gas expansion liquefiers[9]. The liquefaction of hydrogen with liquid nitrogen
precooling is thought to be a possible solution for initial practical application
of magnetic refrigeration. We have been developing a magnetic refrigerator
system for hydrogen liquefaction that consists of liquefaction stage and pre-
cooling stage. The liquefaction and precooling stages operate Carnot and
active magnetic regenerator (AMR) cycle, respectively. We have tested a
magnetic refrigerator for hydrogen liquefaction stage[4, 5], and have success-
fully liquefied hydrogen gas that was slightly above the boiling point using
Carnot cycle.

Above liquefaction temperature, a regenerative refrigeration cycle should
be necessary to precool hydrogen gas, because adiabatic temperature change
of magnetic material is reduced to about 2 K per T of magnetic field be-
cause of a large lattice specific heat of magnetic materials. The AMR is a
regenrator-like refrigeration cycle that achieves a larger temperature span
than the adiabatic temperature change of the magnetic material. The mag-
netically active regenerator is stuffed with magnetic material, and the re-
generator matrix operates the refrigeration cycle by periodically changing
magnetic fields and gas flows. We have also tested an AMR device as the
precooling stage. It was confirmed that AMR cycle worked around 20 K[5].
An AMR refrigerator was tested around 50 K　 by Astronautics group[10].
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Cycle simulation must be used to estimate both the lowest temperature and
the refrigeration capacity achieved by an AMR, because analytical calcula-
tion of the temperature variations of regenerator matrix and transfer gas is
too complicated, and entropy of regenerator matrix is very dependent on
both temperature and magnetic field. In the present study, a model AMR
with the Brayton-like operation cycle was analyzed by numerical cycle sim-
ulation in the temperature range between 20 and 77K. AMR cycle analysis
with magnetic material of DyAl2 was shown that wide temperature oper-
ation is possible with single material regenerator in the previous work[11].
However, in order to achieve operation temperature range between 20 and
77 K, multi-layered regenerator bed or multi-stage AMR is suggested to be
necessary because a magnetic material has large magnetocaloric effect only
around the transition temperature. In order to study the performance using
magnetic material with various transition temperatures, entropy of magnetic
material with second order phase transition was calculated with mean field
theory and Debye approximation. It is shown that the optimized operation
condition depends on both magnetic material and operation temperatures.
Multi-layered AMR beds and mutli-stage AMR were also discussed.

2. Active magnetic regenerator (AMR) refrigerator analysis

Active regeneration may be operable a wide temperature span because
individual elements of the regenerator matrix cycle with relatively small tem-
perature spans. Magnetic material particles are stuffed in the regenerator
bed. The magnet system furnishes the regenerator matrix time-varying mag-
netic fields by which magnetization and demagnetization of the matrix are
accomplished. And the regenerator bed is exposed to a time-varying flow of
heat transfer fluid. Each segment of the regenerator bed has a unique refrig-
eration cycle and have interaction with the neighboring segments through
the heat transfer fluid. Thus, an active regeneration system is equivalent
to many cascading magnetic refrigerators. For proper cycle operation, it is
essential that the transfer fluid flow is synchronized with magnetization and
demagnetization of the regenerator matrix.

2.1. Model of AMR

The model AMR cycle analyzed here is the Brayton-like cycle which is the
simplest cycle of an AMR and the operation was explained elsewhere[11]. The
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Brayton-like operation is divided into the following four processes; (1) Adia-
batic demagnetization of regenerator bed (Field decrease causes an isentropic
temperature decrease of regenerator matrix); (2) Cold flow in low magnetic
field (Transfer fluid is blown from the hot end to the cold end and the ther-
mal load is cooled); (3) Adiabatic magnetization (Field increase causes an
isentropic temperature increase of regenerator matrix); and (4) Hot flow in
high field (Transfer fluid is blown from the cold to the hot end and carried
heat is exhausted to the hot heat reservoir). Magnetic material changes in
temperature due to the magnetocaloric effect in the processes (1) and (3).

The energy conservation law yields the following governing equations with
respect to gas and regenerator matrix, respectively:

AcερfCf
∂Tf

∂t
+ ṁCf

∂Tf

∂x
= Acεkf

∂2Tf

∂x2

+Achas(Tr − Tf ) +

∣∣∣∣∣ fṁ3

2dhρ2
fA

2
c

∣∣∣∣∣ , (1)

Ac(1 − ε)ρrCr
∂Tr

∂t
= Ac(1 − ε)kr

∂2Tr

∂x2

+Ac h as(Tf − Tr) − Ac(1 − ε)ρrTr
∂S

∂B

∂B

∂t
. (2)

The governing equations are simplified by the following assumptions. Heat
transfer fluid properties　 such as specific heat, density, and viscosity are
constant through the regenerator and evaluated at the average temperature
of the hot and cold heat reservoir. The energy change of the fluid in the void
volume of the regenerator is negligible. With this assumption, first term of
left side in Eq. 1 is removed. Thermal conductivity of the matrix and transfer
fluid was assumed to be infinite in the direction perpendicular to flow and
zero in the direction of flow. The time necessary for magnetization and
demagnetization was assumed to be zero. The energy dissipation due to the
viscosity of fluid is neglected. So, the fluid pressure was constant throughout
the regenerator bed. The eddy current heating is negligible. After the above
simplification, the governing equations in the fluid flow processes (process
(2) and (4)) are rewritten as,

ṁCf
∂Tf

∂x
= Achas(Tr − Tf ), (3)
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Ac(1 − ε)ρrCr
∂Tr

∂t
= Achas(Tf − Tr). (4)

The temperature change in the field changing processes (process (1) and
(3)) are obtained only from the entropy temperature diagram of regenerator
matrix.

The heat transfer coefficient is determined as follows. When the fluid flow
in the regenerator is considered as that in fine tube packed with particles,
the Nusselt number (Nu) of the matrix is related to Reynolds number (Re)
and Prandtl number (Pt) of the fluid. Heat transfer coefficient is calculated
from Nu using the relation obtained by Quitard et al.[12].

The boundary conditions for Eqs. 3 and 4 are that the fluid enter the
matrix at the temperature of the associated heat reservoir and the ends of
the regenerator are insulated from the thermal conduction.

The parameter used in the simulations that is summarized in Table 1 are
approximations of AMR experimental conditions of our previous study[5].
Starting with a linear temperature profile in the regenerator from the hot
end to the cold end, steady state was achieved when the relative temperature
change of each regenerator segment and out coming transfer fluid were less
than 1×10−4 K.

Table 1: A summary of the AMR parameter
Maximum field 5.0 Tesla
Length of AMR bed 0.1 m
Diameter of the AMR bed 0.045 m
Diameter of magnetic material 0.4 mm
Packing factor of AMR bed 0.64
Period for each transfer fluid flow 2.0 sec
Heat transfer fluid He gas 0.5 MPa

2.2. Model of magnetic material

A model magnetic material is necessary to study the influence of the ma-
terial on the performance of AMR. Rare earth intermetallic compounds are
good refrigerants because of their large magnetic moments. RT2 (R: rare
earth; T : Al, Ni) are Laves-phase compounds with a cubic MgCu2 structure.
These compounds exhibit second order phase transition from para- to fer-
romagnetic states and have been studied as magnetic refrigerant[13]. The
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transition temperature can be controlled in the temperature range between
20 and 80 K by choosing the rare earth element R or metal T . Then, mag-
netic materials with various transition temperatures of second order phase
transition from para- to ferromagnetic state was used as a model material
in this study. The Lande g factor and total angular moment J of rare earth
atom is assumed as that of dysprosium. Hereafter, magnetic material that
has Tc at x K is written as Tcx.

Entropy of magnetic material consists of magnetic and lattice component
in the temperature range of this study. In order to calculate entropy tempera-
ture diagram, the magnetization of the model material M(T ) was calculated
as functions of temperature using mean field theory. The entropy change
of material ∆S was evaluated from temperature dependent magnetization
M(T ) using the following Maxwell relation,

∆S(T,H) =

∫ H

0

(
∂M

∂T

)
H

dH. (5)

The magnetic entropy changes ∆S of the model materials induced by the
field change from 0 to 5 T obtained from the above calculation are presented
in Fig. 1.

The lattice component of entropy was calculated using Debye approxi-
mation. Debye temperature of model material was assumed to be 310 K
that is typical for RT2 compounds[14]. The entropy temperature diagram of
model material of Tc60 is in very good agreement with that of DyAl2. So,
our model magnetic material is appropriate to use in the cycle analysis.

3. Results and Discussion

3.1. Single layer AMR bed

Figure 2 shows the heat load per cycle as a function of mass flow rate of
transfer fluid, ṁ for the model material Tc60. The operation temperature
range was between 77 and 65 K. Heat load QL increases with ṁ and has a
maximum. Then, QL decreases with ṁ. When ṁ is small, QL becomes small
because transfer fluid can carry small heat. QL decreased with increasing ṁ
in large ṁ region. The temperature of the transfer fluid increased at the cold
end with large ṁ because the temperature distribution in the regenerator
bed was disturbed by too large heat capacity of transfer fluid. As a result,
AMR has an optimum ṁ. In Fig. 2, QL for DyAl2 is also shown and agrees
quantitatively with that for Tc60. This represents the adequacy of our model.
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Figure 1: Magnetic entropy change of model materials with various transition temperature
Tc induced by 5 T field, as calculated using mean field theory. Each curve respectively
corresponds to ∆S of Tc30, Tc40, Tc50, Tc60, Tc70, and Tc80 from low temperature.

Figure 3 shows heat load as a function of ṁ for materials Tc70 and Tc50.
The operation temperature span is 25 K for both cases but temperature range
is between 80 and 55 K for Tc70 and between 55 and 30 K for Tc50. As shown
in Fig. 3, the optimum ṁ is different between materials and temperature
range. This is ascribed to the lattice specific heat. Large ṁ gives rise to a
large disturbance in the temperature profile of regenerator bed during cold
and hot flow, and decreases in QL. This effect have larger influence in low
temperatures because lattice specific heat becomes smaller with decreasing
temperature as is explained by Debye theory. Then, the optimum ṁ for low
temperature operation becomes small. In order to decrease the disturbance
in temperature profile, magnetic materials which have large specific heat is
desirable. Magnetic materials which have low Debye temperature and/or
Schottky specific heat due to appropriate excitation energy level will have
ability to improve the refrigeration performance.

AMRs using single magnetic material with various Tc were simulated in
the case that hot heat reservoir temperature TH was set at 77 K. The opti-
mum operation conditions were obtained for various materials and cold heat
reservoir temperatures for AMRs with Tc60, Tc70, and Tc80 by changing
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Figure 2: Heat load of AMR using material with Tc60 as a function of ṁ. That using
DyAl2 is also represented for comparison. The operation temperature range is between 77
and 65 K.

ṁ. QL and coefficient of performance, COP in the optimum condition are
plotted as functions of operation temperature span in Fig. 4. QL and COP
decrease as monotonic functions of temperature span. AMR bed with Tc70
has the largest QL. As for COP, AMR bed with Tc80 has the largest value.
As shown in Fig. 1, Tc70 has the largest total amount of ∆S in the opera-
tion temperature range between 60 and 77 K and Tc60 has the largest ∆S in
the temperature range between 55 ∼ 77 K and 50 ∼ 77 K. The large ∆S is
naively thought to give large QL. However, the AMR bed with Tc60 has the
smallest QL and COP. This represents that large ∆S does not simply mean
high refrigeration performance. When magnetic material exchanges heat by
magnetic field change at a constant temperature, the exchanged heat is ex-
pressed as temperature times entropy change T∆S. So, Carnot efficiency
will be obtained if the entropy changes are the same at cold and hot heat
reservoir temperature in an ideal thermal cycle. In real refrigeration cycles,
exhausted heat at hot reservoir is larger than that of an ideal cycle due to ir-
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Figure 3: Heat load of AMR using single material of Tc70 and Tc50 as functions of ṁ.
The operation temperature span is 25 K for both cases but temperature range is between
80 and 55 K for Tc70 and between 55 and 30 K for Tc50. Arrows represent the optimum
ṁ.

reversibility of the cycle. Temperature variation of ∆S is important to carry
heat from cold to hot side. When ∆S at high temperature side is small,
amount of magnetic material which works to exhaust heat should increase
and only small fraction of AMR bed could absorb heat from cold reservoir.
Then, QL obtained with this material cannot be as large as that expected by
∆S at low temperature. It is shown in Fig.4 that temperature dependence
of ∆S also has significant effect on COP. As shown in Fig. 1, ∆S of Tc80 in-
creases with increasing temperature below 80 K and this material is thought
to transfer entropy efficiently to hot heat reservoir.

3.2. Two layered AMR bed

It is shown that ∆S has significant effect on the performance of AMR.
∆S of Tc80 at 50 K is about half of that at peak temperature (80 K) and
only about half of that of Tc60 at 50 K. In order to achieve large temperature
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Figure 4: Heat load and COP of AMR with single magnetic material as functions of
operation temperature span. Performance with Tc80, Tc70, Tc60 are compared. TH is 77
K.

span, multi layered AMR bed with low Tc at low temperature side is expected
to have high performance. We have analyzed two layered AMR with various
Tc and ratio between materials. Results for the two layered AMR bed with
Tc80 and Tc60 is represented in Fig. 5. QL is increased when Tc80 is replaced
by Tc60 into the low temperature side. For the purpose of improving QL,
Fig. 5 shows that there is an optimum substitution ratio of about 30% in all
the operation temperature. However, COP decreases with increasing Tc60
ratio.

We have simulated in various conditions. It was found that two layered
AMR bed was able to improve the performance in some conditions and the
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Figure 5: Heat load and COP of two layered AMR with Tc80 and Tc60 as functions of
ratio between the two materials. Results for TL = 60, 55, and 50 K are shown. TH is 77
K.

optimum condition depends on many parameters such as operation tempera-
ture range, Tc of materials and so on, even in the simple AMR model of this
study. This means that detailed cycle analysis is necessary to have proper
operation for a practical refrigerator. In general, increase of low Tc material
at low temperature side doesn’t always give rise to an improvement. Proba-
bly similar situation of single layer AMR bed occurs. Magnetic material in
the high temperature side looks to play an important role in order to transfer
entropy produced by irreversibility from low temperature side to high heat
reservoir.
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3.3. Multi-stage AMR

Multi-stage AMR with various Tc is another way to expand the operation
temperature span and improve performance. This is thought to be useful
especially in low temperatures as discussed below. As shown in Fig. 3, the
optimum ṁ is different between magnetic material and temperature range.
Each material in multi layered AMR bed is thought not to operate in op-
timum condition because the ṁ is constant through one AMR bed. From
this point of view, optimum operation of whole system is possible in the case
of multistage AMR. In our preliminary analysis, two stage AMR can have
several times larger QL than single AMR when appropriate materials and
connection temperature are selected.

In order to optimize the operation of AMR system, there are so many
parameters such as number of AMR stage, layers in one AMR bed, transition
temperatures of materials, and so on. In this study, size and aspect ratio of
AMR bed, particle size of magnetic material, and strength of magnetic field
were not discussed, that should have large effects. We focused mainly on
the influence of Tc of magnetic material. Thus, further detailed analysis
is indispensable to understand AMR. For example, temperature dependent
properties of transfer fluid, viscosity should be considered in the next step.
Magnetic materials with first order phase transition is known to have large
∆S. Cycle simulation using materials with first order transition will be
important. Other cycles such as Ericsson cycle will be necessary to analyze
to reveal more about AMR system.

4. Conclusions

A simplified AMR model was analyzed by numerical cycle simulation
using model magnetic materials. This model has been shown useful to un-
derstand multilayered AMR and multistage AMR system. Double layered
AMR bed which has different Tc was shown that could improve the per-
formance of AMR. The optimum ṁ is shown to vary when the operation
temperature range is different. It was pointed out that cycle analysis plays
an important role in understanding AMR operation since many parameters
have significant effects.
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Appendix
Nomenclature

Tf fluid temperature K
Tr temperature of magnetic material K
Cf specific heat of the fluid J/kgK
Cr specific heat of the magnetic material J/kgK
ρf density of the fluid kg/m3

ρr density of magnetic material kg/m3

kf heat transfer coefficient of the fluid W/mK
kr heat transfer coefficient of the magnetic material W/mK
h heat transfer coefficient W/m2 K
ṁ mass flow rate of the fluid kg/sec
Ac cross section of AMR Bed m2

as specific surface area m2/m3 = 1/m
dh diameter of magnetic material particle m
S entropy of magnetic material J/kgK
B magnetic field Tesla
ε porosity of AMR Bed
f coefficient of pressure drop
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