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Abstract

Room temperature magnetic refrigeration is a new highly efficient and environmentally protective technology.
Although it has not been maturely developed, it shows great applicable prosperity and seems to be a substitute for the
traditional vapor compression technology. In this paper, the concept of magnetocaloric effect is explained. The devel-

opment of the magnetic material, magnetic refrigeration cycles, magnetic field and the regenerator of room temperature
magnetic refrigeration is introduced. Finally some typical room temperature magnetic refrigeration prototypes are
reviewed.
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1. Introduction

Although Montreal Protocol has been restricting the

harm to environment of ODS (Ozone Depletion Sub-
stance) to a great extent, the greenhouse effect problem
is not be solved completely yet. So, in addition to fur-

ther developing the vapor compression technology, sci-
entists and engineers have begun to explore new
refrigeration technology such as thermoelectric refrig-
eration, thermoacoustic refrigeration, absorption/

adsorption refrigeration, and magnetic refrigeration.
The study of magnetic refrigeration was started with

the discovery of magnetocaloric effect (MCE) 120 years

ago [1]. Then it has been used in cryogenic refrigeration
since 1930s. It is maturely used in liquefaction of
hydrogen and helium. In 1976, at Lewis Research Cen-

ter of American National Aeronautics and Space
Administration, Brown first applied the magnetic
refrigeration in a room-temperature range [2]. By

employing rare-earth metal gadolinium (Gd) as the
magnetic refrigeration working substance, he attained a
47 K no-load temperature difference in a 7 T magnetic
field. Based on the concept of the active magnetic

regenerator (AMR), Zimm at American Astronautics
Technology Center developed a magnetic refrigerator in
1996, which used approximately 3 kg of Gd as working
material and generated up to 500–600 W cooling power
in a 5 T magnetic field [3].
Magnetic refrigeration is an environment-safe refrig-

eration technology. The magnetic refrigeration does not
have ozone-depleting and greenhouse effects for
employing magnetic materials as refrigeration media.

What is more, the magnetic refrigeration unit can be
compact, for the magnetic entropy density of magnetic
material is larger than that of refrigerant gas. The mag-
netic field of magnetic refrigeration can be supplied by

electromagnet, superconductor or permanent magnet,
which have no need for compressors with movable
components, large rotational speed, mechanical vibra-

tion, noise, bad stability and short longevity. The effi-
ciency of magnetic refrigeration can be 30–60% of
Carnot cycle [3], whereas the efficiency of vapor com-

pression refrigeration is only 5–10% of Carnot cycle.
Therefore, the magnetic refrigeration is expected to have
great applicable prospects.
2. Magnetocaloric effect (MCE)

Warburg first discovered the thermal effect of metal
iron when applying it in a varying magnetic field in 1881
[1]. Debye and Giauque explained the nature of MCE
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later and suggested achieving an ultra-low temperature
by adiabatic demagnetization cooling [4,5]. In recent
years, magnetic refrigeration on the basis of MCE has
been greatly developed in the room temperature range.

Whether in the range of room temperature or low tem-
peratures, the magnitude of MCE of magnetic material
is the key to cooling capacity.

Entropy of magnet at constant pressure, S(T,H),
which is both magnetic field and temperature depen-
dant, consists of the magnetic entropy (SM), the lattice

entropy (SL), and the electronic entropy (SE):

S T;Hð Þ ¼ SM T;Hð Þ þ SL Tð Þ þ SE Tð Þ ð1Þ

In the above formation, SM is a function of both H
and T, but SL and SE are functions of T only. As a
result, only the magnetic entropy, SM, can be controlled

by changing the strength of magnetic field.
The magnetocaloric effect, which is intrinsic to all

magnetic materials, indicates that the paramagnetic or

soft ferromagnetic materials expel heat and their mag-
netic entropy decrease when the magnetic field is applied
isothermally; or otherwise absorb heat and their mag-

netic entropy increase when the magnetic field is
reduced isothermally. Fig. 1 illustrates the MCE (repre-
sented by �Tad or �SM) of ferromagnetic material in

the vicinity of magnetic ordering temperature (Curie
temperature TC). Pecharsky lately pointed out that �SM
is not the same as �Tad when comparing the MCE of
two materials considering the heat capacity differences.

He proposed the volumetric magnetic isothermal
entropy change as the parameter of the MCE [7].
At the material’s magnetic phase transition (PT)

point, the MCE peaks strongly and the heat capacity
exhibits an anomaly. When the temperature deviates the
PT temperature, the MCE decreases greatly. The mag-

nitude of MCE can be obtained both by molecular field
approximation (MFA) calculation [8,9] and experi-
mental measurements. Direct MCE measurements of
�Tad can be conducted using traditional ways with a

sensor thermally contacted to the sample [10–14] or by
the noncontact thermoacoustic approach [15–17]; indir-
ect measurements are realized by calculation based on
the Maxwell relationship after measuring the isothermal
magnetization and the field-dependent heat capacity
(This method is popular now) [6,18]. Both methods

show reasonable agreement [19].
3. Magnetic material

3.1. Selection of room temperature magnetic material

From the previous entropy analysis of magnetic
materials, only magnetic entropy SM is changeable with

the magnetic field change. In the range of room tem-
perature, the influence of lattice entropy SL is too
remarkable to neglect. Therefore, part of the cooling
capacity of the magnetic system is consumed for cooling

lattice system for the entropy flow from the lattice sys-
tem, though the temperature decreases to some extent
during adiabatic demagnetization. Thus the gross cool-

ing capacity is less than that of the condition of
(SL+SE)�0 [20].
As the core of the magnetic refrigeration, several fea-

tures of magnetic materials are required for application
[21]:

� large total angular momentum number J and
Lande factor g of ferromagnetic material, which
are crucial to MCE;

� modest Debye temperature (A high Debye tem-

peraturemakes the fraction of lattice entropy small
correspondingly in high temperature ranges);

� modest Curie temperature in the vicinity of

working temperature to guarantee that the large
magnetic entropy change can be obtained in the
whole temperature range of the cycle;

� essentially zero magnetic hysteresis;
� small specific heat and large thermal con-
ductivity to ensure remarkable temperature
change and rapid heat exchange;

� large electric resistance to avoid the eddy current
loss; and

� fine molding and processing behavior to fabri-

cate the magnetic materials satisfactory to the
magnetic refrigeration.

3.2. Research progress of room temperature magnetic
materials

Since Brown first applied ferromagnetic material
gadolinium (Gd) in the room temperature magnetic
refrigerator in 1976, the research range for magnetic

refrigeration working materials has been greatly expan-
ded. At first, some ferromagnets concerning the second-
order transition were investigated for the large MCE
Fig. 1. S–T diagram of MCE.
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existing in them. Recently the magnetic materials
undergoing a first-order magnetic transition become the
focus after the giant MCE was found in GdSiGe alloys.
Some magnetic materials that are promise to be used in

the future are described later.

3.2.1. Gd and its alloys

The prototype magnetic material available for room
temperature magnetic refrigeration is the lanthanide
metal gadolinium (Gd). At the Curie temperature of

294 K, Gd undergoes a second-order paramagnetic $

ferromagnetic phase transition. The MCE [10–
12,14,16,19,22–29] and the heat capacity [29–32] of Gd

have been studied in many research activities. Its �Tad
values at TC are �6, 12, 16, and 20 K for �H=2, 5, 7.5,
and 10 T, respectively; its �SM is about 4.2 J kg	1 K	1

for�H=1.5 T at TC. Being a metal material, its thermal

conductivity and easy-gain are both favorable. It would
be the first choice for laboratory research of room tem-
perature magnetic refrigerator so long as the problem of

easy oxidization is settled.
Some Gd-based intermetallic compounds have also

been proved to possess large MCE. Both Gd0.74Tb0.26
[33] and Gd0.5Dy0.5 [34] present the MCE equivalent to
Gd at �280 K and at �265 K, respectively. The �Tad
values of Gd91.8Dy8.2 and Gd89.9Er10.1 at a 0.45 T low

field are �1.4 K (at 280 K) and �1.5 K, respectively,
something lower than that of Gd �2.0 K [16]. Eutectic
Gd76Pd24 was found two �Tad peaks of 8.4 K and 9.4 K
at 294 K and 323 K, respectively, and it is favorable to
be used in magnetic Ericsson cycle because the adiabatic
temperature change is almost constant in the room
temperature range [35]. Concerning Gd4(BixSb1-x)3
alloys, although the maximum MCE is nearly 50% of
pure Gd at a 10 T field, the width of the peaks at half
maximum reaches 60–100 K, which is comparable with

that of Gd. So they can provide considerable cooling
power over a wide temperature range from �240 to
�360 K [36].

It was considered to be a milestone of magnetic
material research that the reversible giant magnetoca-
loric effect in a series of GdSiGe alloys was observed in

Ames Laboratory [37–39]. Subsequently, plenty of
efforts have been devoted to the research on this series
[40–48]. These alloys, which have a first-order magnetic
transition between �30 and �275 K depending the Si

to Ge ratio, have peak values of magnetic entropy
change 2–10 times larger than that of known prototype
magnetic refrigerant materials. It is shown that the �SM
values of the series of Gd5(SixGe1	x)4 alloys where
04x40.5, are at least twice that of Gd. Furthermore,
by alloying with Ga, the giant MCE temperature

increases to �290 K [37,38].
Table 1 presents the magnetic entropy of some mag-

netic materials in the range of near room temperature,

from which it can be seen that �SM of the GdSiGe
alloys are all considerably large in the presence of a 5 T
magnetic field and most of those Curie temperatures are
Table 1

Magnetic entropy change of some near room temperature magnetic materials
Magnetic material
 TC (K)
 �H (T)
 �SM (J kg	1 K	1)
 Ref.
Gd
 294
 5.0
 �10.2 (D Tad=�12 K)
 28
Gd0.5Dy0.5
 230
 5.0
 �10.2
 34
Gd0.74Tb0.26
 280
 5.0
 �11.5
 33
Gd7Pd3
 323
 5.0
 �Tad=8.5 K
 35
Gd5(SixGe1	x)4
 x=0.43
 247
 5.0
 �39.0
x=0.5
 276
 5.0
 �18.4
 37
x=0.505
 280
 5.0
 �11.7
 47
Gd5(Si1.985Ge1.985Ga0.03)2
 290
 5.0
 D Tad=15 K
 41
Ni52.6Mn23.1Ga24.3
 300
 5.0
 �18.0
 70
MnAs
 318
 5.0
 30.0
 72
MnAs0.9Sb0.1
 �286
 5.0
 �30.0
 73
MnFeP0.45As0.55
 300
 5.0
 18.0
 74
Gd
 1.5
 �3.8
294
 3.0
 �7.1
 28
6.0
 �11.4
La1	xCaxMnO3
 x=0.2
 230
 1.5
 5.5
 52
x=0.33
 267
 3.0
 6.4
 62
�259
 3.0
 �2.6
 49
x=0.35
 �255
 3.0
 �5.2
 59
x=0.4
 263
 3.0
 5.0
 53
La0.9K0.1MnO3
 283
 1.5
 1.5
 51
La0.75Ca0.15Sr0.10MnO3
 327
 1.5
 �2.8
 52
La2/3(Ca,Pb)1/3MnO3
 296
 7.0
 7.5
 65
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in the room temperature range. Therefore, this series of
alloys meet the requirements of room temperature
magnetic refrigeration. However, many urgent problems
such as easy oxidation, hard preparation, and high

price, need to be settled before they are applied in room
temperature magnetic refrigeration.

3.2.2. Perovskite and perovskite-like compounds
Large magnetic entropy change has been found in the

perovskite manganese oxides in recent years, so that

these materials attract more and more attention. The
main advantages of this series of compounds over Gd
and GdSiGe alloys are low cost, non-active chemical

property (no oxidation), little coercive force as well as
high electric resistance. Many studies on these com-
pounds are led mainly in China, Spain and United
States [49–65]. From Table 1, it is clear that their Curie

temperature also can be easily tuned to the needed range
by introducing some kinds of metal additions. However,
�SM will decrease much in the meantime, lowering their

practicability. For instance, �SM of La0.8Ca0.2MnO3 in
the presence of 1.5 T magnetic field reaches 5.5 J kg	1

K	1, about 1.5 times of Gd, but its Curie temperature is

only 230 K. After adjusting Ca ratio to
La0.6Ca0.4MnO3, its Curie point increases to 263 K but
�SM decreases to 70% of Gd at 3.0 T. To improve the

Curie temperatures by adding Sr and Pb, the Curie
temperatures reach 327 and 296 K, however �SM
decreases obviously. In addition, the behavior of heat
transfer of these compounds is incompetent because

they are oxides.

3.2.3. Transition metal compounds

Early in 1984, Oesterreicher observed the magnetoca-
loric effect of rare-earth transition metal compounds
whose Curie temperatures are in the vicinity of room

temperature, and suggested that it is possible for the
series of Y2Fe17	xCox and Y2Fe17	xNix compounds to
be room temperature magnetic refrigerants [66]. Later
investigations showed that some other rare-earth tran-

sition metal compounds besides GdSiGe alloys men-
tioned above also exhibit great magnetic entropy
change, and their Curie temperatures can easily be

tuned by ion doping. The research on Ce2	xDyxFe17
alloys showed that�SM (in a 1.4 T magnetic field) are
�1.67, 1.41 and 1.18 J kg	1 K	1 where x=0.0, 0.3, and

0.5, and the corresponding temperatures are �234,
�267, and �286 K, respectively [68]. Another investi-
gation indicated that the maximum �Tad in the series of

Ce2Fe17	xCox and Er2Fe17	xNix (x=0.3–2.0) are 4.75
and 4.51 K (in a 2 T magnetic field), and their corre-
sponding Curie temperature values are 294.2 K and
293.5 K, respectively, near metal Gd but much less

expensive than Gd [69]. Hence, this series of com-
pounds are benign choices from the view of practical
application. The non-rare-earth based Heusler alloys
Ni-Mn-Ga undergo a first order transition, which brings
about a great magnetic entropy change [70,71]. This
has attracted considerable interests. The magnetic
entropy change of Ni52.6Mn23.1Ga24.3 at 300 K is

�18.0 J kg	1 K	1, roughly comparable with that of
Gd5Si2Ge2 and notably exceeds that of Gd near room
temperature [70]. But the width of the peak is only

several K and there is a 6 K thermal hysteresis accom-
panying with the transition, both of which make this
alloy unfavorable.

Of the transition-metal-based compounds, MnAs
shows a giant MCE. It undergoes a first-order ferro-
magnetic to paramagnetic transition at 318 K and the

magnetic entropy change induced by a 5 T magnetic
field is 30 J kg	1 K	1 at a maximum value, which
exceeds that of Gd5Si2Ge2 by a factor of 2. However,
the magnetic transition is accompanied by a large ther-

mal hysteresis [72]. To tune the Curie temperature to the
range below 300 K, MnAs1	x Sbx compounds have
been investigated. The result shows that �SM of

MnAs1	x Sbx for 04x40.3 in a 5 T field reaches 25–30
J kg	1 K	1, and the substitution of Sb for As can tune
the Curie temperature between 230 K and 315 K with-

out significant reduction of �SM. Moreover, there is no
hysteretic behavior for 0.054x and these materials are
less cost than other materials so far [73]. Another com-

pound MnFeP0.45As0.55 exhibits a giant magnetic
entropy change of similar magnitude to the giant MCE
material Gd5Ge2Si2. Variation of the P/As ratio
between 3/2 and 1/2 makes it possible to tune TC and

the optimal operating temperature between 200 and 350
K, without losing the giant MCE [74].

3.2.4. Composite material
Single material, whose temperature range is not so

wide enough to be made use of, cannot meet the need of

ideal magnetic Ericsson cycle. As a solution, a method
of composition was first raised by Brown [75]. The
method of composition is that a few ferromagnetic
materials with different magnetic phase transition tem-

perature TC are composed to one new material whose
�SM is even in the range of refrigeration temperature.
Tokyo Institute of Technology have made experimental

trials to make the layer structural sintered material
composed of ErAl, HoAl, (DyHo)Al and DyAl alloys in
the low temperature range [76,77], which confirmed that

the composition of magnetic materials is a future
method benign to magnetic Ericsson cycle. In another
investigation, two sets of composite materials were

obtained over the temperature 240–290 and 210–290 K,
respectively from the GdDy alloys. The resultant �SM
is practically constant in the required temperature range
and amounts to 8.0 and 7.3 J kg	1 K	1 for the two

respective sets [78].
In addition, nanometer-sized magnetic materials may

be a useful option for future application [79–83].
626 B.F. Yu et al. / International Journal of Refrigeration 26 (2003) 622–636



4. Magnetic refrigeration cycle

Magnetic refrigerator completes cooling/refrigeration
by magnetic material through magnetic refrigeration

cycle. In general a magnetic refrigeration cycle consists
of magnetization and demagnetization in which heat is
expelled and absorbed respectively, and two other

benign middle processes.
The basic cycles for magnetic refrigeration are mag-

netic Carnot cycle, magnetic Stirling cycle, magnetic

Ericsson cycle and magnetic Brayton cycle, among
which the magnetic Ericsson and Brayton cycles are
applicable for room temperature magnetic refrigeration

for the Ericsson and Brayton cycles employ a regenerator
to achieve a large temperature span and are easy to
operate. Fig. 2 shows the Ericsson and Brayton cycles.

4.1. Magnetic Ericsson cycle

Ericsson cycle consists of two isothermal processes/

stages and two isofield processes as illustrated in Fig. 3
[20].

1. Isothermal magnetization process I[(A!B in
Fig. 2(a)]
When magnetic field increases from H0 to H1,
the heat transferred from magnetic refrigerant to
regenerator fluid, Qab ¼ T1 Sa 	 Sbð Þ, makes the
upper fluid increase in temperature.
2. Isofield cooling process II[B!C in Fig. 2(a)]

In constant magnetic field of H1, both magnetic

refrigerant and electromagnet move downward to

bottom and hence heat Qbc ¼
Ð Sb
Sc
TdS is trans-

ferred from magnetic refrigerant to regenerator
fluid. Then a temperature gradient is set up in the

regenerator.

3. Isothermal demagnetization process III[C!D in

Fig. 2(a)]
When magnetic field decreases from H1 to H0,
the magnetic refrigerant absorbs heat Qcd ¼

T0 Sd 	 Scð Þ from the lower regenerator fluid. After
that, the fluid decreases in temperature.
4. Isofield heating process IV[D!A in Fig. 2(a)]

In the field of H0, magnetic refrigerant and

electromagnet move upward to the top and the

regenerator fluid absorbs heat Qda ¼
Ð Sa
Sc
TdS:
To make the Ericsson cycle possess the efficiency of

magnetic Carnot cycle, it is required that the heat
transferred in two isofield processes Qbc, Qda are equal
Fig. 2. Magnetic refrigeration cycle.
Fig. 3. Principle of magnetic Ericsson cycle refrigerator.
B.F. Yu et al. / International Journal of Refrigeration 26 (2003) 622–636 627



each other. For an ideal Ericsson cycle, ‘parallel’ T–S
curves are optimal, that is, �SM keeps constant in the
cooling temperature range. However, the current single
magnetic materials cannot meet the requirement; so

perfect regeneration of Ericsson cycle can only be rea-
lized by composite materials [84–89].

4.2. Magnetic Brayton cycle

Magnetic Brayton cycle consists of two adiabatic

processes and two isofield processes as shown in
Fig. 2(b). The magnetic refrigerant cycles between the
magnetic field of H0 and H1, and the temperature of

high and low temperature heat source TH and TC,
respectively. During the isofield cooling process A!B
(constant magnetic field of H1), magnetic refrigerant
expels heat of the area of AB14 as Fig. 2(b) indicates.

During the isofield heating process C!D (constant
magnetic field H0), magnetic refrigerant absorbs heat of
the area of DC14. No heat flows from and out of the

magnetic refrigerant during the adiabatic magnetization
process D!A and the adiabatic demagnetization B!C
process. The Brayton cycle can exhibit optimal perfor-

mance as well with magnetic refrigerants having parallel
T–S curves [84].
5. Magnetic field

5.1. Form of magnetic field

There are two modes to apply magnetic field on
magnetic refrigerant: (a) both magnetic refrigerant and

magnet are static. Pulsed magnetic field [90] or alternate
on-off magnetic field is applied. There is no driving
device and the power consumption may be great; (b)

there is relative movement between magnet and magnetic
refrigerant. The movement fashion may be reciprocating
[91] or rotary [92]. In this way, the strength of magnetic
field is stable whereas the extra mechanical power is

needed due to the great magnetic attractive force.
Because the MCE is induced by magnetic field, the

magnetic field strength plays a key role in the magnetic

refrigeration. The specific MCE rate change at TffiTC is
�3 K/T at lower fields and �2.2 K/T at a higher 5 T
field [28]. It is still a difficulty to apply a high field.
Generally, both superconductor cooled by liquid-helium
and electromagnet can supply a 5–7 T high fields.
Another method of employing NdFeB permanent mag-
net magnetic field has been focused recently for its com-

pactness and no need for power supply [93–96], despite
that its magnetic field intensity is normally no more than
1.5 T. Permanent magnet design is very difficult because

solutions for fields of arbitrary configuration are rarely
analytic [93]. By design of hollow cylindrical permanent
magnet array (HCPMA), Lee gained three permanent

magnetic fields roughly appropriate for room temperature
magnetic refrigeration (Table 2).

5.2. Design of magnetic field

The magnetic field has a serious influence on the
magnetocaloric effect of the magnetic material. The

adiabatic temperature change �Tad is approximately
proportional to the magnetic field H2/3 [66]. Moreover,
the field experienced by magnetic refrigerant is influ-

enced by its temperature to some extent [67]. Items
below need careful consideration in design of magnetic
field: (a) to ensure the magnetic field uniformity in the

space occupied by magnetic refrigerant and make full
use of the effective space in the magnetic field; (b) to
avoid the leakage of magnetic flux and increase the ratio

of magnetic refrigerant space to the magnetic field space
as possible; (c) to reduce the required power consump-
tion for the magnetic field or the relative movement; (d)
to shield the strong magnetic field from other electric

and electronic devices.
6. Regenerator in room temperature magnetic

refrigeration

Since the lattice entropy is too large to neglect in room
temperature, part of the refrigeration capacity of the mag-
netic refrigerant is consumed for cooling the thermal load
of lattice system, decreasing the gross cooling capacity of

the magnetic refrigerant [20]. By adding a regenerator to
the magnetic refrigeration system, the heat expelled by
lattice system in one stage of the cycle is restored and

returned to lattice system in another stage. So the capa-
city used for cooling lattice system load can be utilized
effectively for the increase of effective entropy change

and temperature span. Although a new concept of
directly linking the two isofield changes by transferring
heat between the two isofield stages through heat paths

may realize the Ericsson cycle without regenerators, it is
still theoretically feasible by far [97].

6.1. Type of regenerator

There are three types of regenerators used in magnetic
refrigerator: (a) external regenerator, (b) internal
Table 2

Permanent magnetic field designed by Lee
Cross-sectional

area (mm2)
Air gap

(mm)
Magnetic field

strength (T)
Ref.
23.5
 15.2
 3
 [94]
114�128
 12.7
 1.9
 [95]
3217(
64 mm)
 5.8
 3
 [96]
628 B.F. Yu et al. / International Journal of Refrigeration 26 (2003) 622–636



regenerator, (c) active magnetic regenerator. Heat
transfer in external regenerator between the regenerator
material (generally solid materials) and the magnetic
refrigerant is completed through the intermediate heat

transfer fluid. In internal regenerator, the magnetic
refrigerant is placed in regenerator as well as the regen-
erator material, and heat is transferred directly between

them so that the regenerator should be in the magnetic
field. In AMR cycle, the magnetic material is not only
magnetic refrigerant but also regenerator material. Thus

the irreversible loss yielded by the second heat transfer
in external regenerator or by mixing of the regenerator
fluid with different temperature in internal regenerator

can be reduced. After the early development [98–100],
AMR gradually becomes the main research direction of
room temperature magnetic refrigeration regenerator
now [101–109].

According to the relative heat capacity, there are two
implementation limits between heat transfer fluid and
magnetic material. In one limit, the heat capacity of the

fluid blown through the regenerator is much larger than
that of the magnetic material. The regenerator used in
this case is internal regenerator, where the temperature

gradient in the regenerator is easily influenced by mixing
of fluid. In the other regenerator limit, the heat capacity
of the fluid blown through the regenerator is much less

than that of the magnetic material. This type of regen-
erator is commonly active magnetic regenerator, in
which the temperature gradient can be kept well and
much lower fluid mass flow rates are required for a

given cooling power than that of the former case [3].

6.2. Structure and principle of AMR

A single-stage AMR is generally a porous bed of
magnetic refrigerant material, which acts as both the

refrigerant (coolant) that produces refrigeration and the
regenerator for the heat transfer fluid. Flowing through
the active magnetic regenerator the fluid carries heat to
and from the external heat exchangers.

The working principle of AMR is presented in Fig. 4
[106,110]. Assume that the bed is at a steady state con-
dition with the hot heat exchanger at TH (�24

C) and

the cold heat exchanger at TC (�5
C). The AMR cycle

experiences four processes: (a) adiabatic magnetization
process. Each particle in the bed warms up; (b) isofield

cooling process. In a high field, the fluid is blown from
the cold end to the hot end, absorbs heat from the bed
and expels heat at a temperature higher than TH in the

hot heat exchanger; (c) adiabatic demagnetization pro-
cess. Each particle in the bed cools again (after the for-
mer process); (d) isofield heating process. In a zero field,
the fluid is blown from the hot end to the cold end,

expels heat to the particles of the bed and absorbs heat
at a temperature lower than TC in the cold heat
exchanger. In Fig. 4, the dashed line represents the
initial temperature profile of the bed in each process,
and the solid line represents the final temperature profile

of that process. It is useful to predict the performance of
magnetic refrigerator by establishing mathematic model
about AMR [101,102,107–109].

From previous description it can be concluded that
there are several useful features of AMR for practical
application in magnetic refrigerator device. The mag-

netic bed acts as its own regenerator, and the solid par-
ticles in a single bed are connected by the convective
fluid, so heat need not be transferred between two
separate solid assemblies. Each particle in the packed

bed undergoes a unique magnetic Brayton cycle and the
whole bed undergoes a cascade Brayton cycle, so the
temperature span of AMR can greatly exceed the adia-

batic temperature change of magnetic refrigerant. Fur-
thermore, the magnetic bed can be made into layers or
employs the composite material whose MCE is mean in

the cooling temperature range [106,110]. Some
researchers studied the behavior of the adiabatic mag-
netization temperature change (�Tad) as the function of

material temperature (T) and discussed the selection
principle of the composite material [106,108].

6.3. Thermodynamic characteristics of regenerator

There are several desirable characteristics for the per-
fect regenerator [104]:
Fig. 4. Four schematic cycles of AMR.
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� infinite thermal mass compared to the working
material being cooled or heated;

� infinite heat transfer (a product of thermal
conductance multiplied by the contact area)

between working material and regenerator
mass;

� zero void volume;

� zero pressure drop for convection of fluid
through the regenerator;

� zero longitudinal conduction along the regen-

erator; and
� uniform, linear temperature gradient from the
hot end to cold end of the unit.

The irreversible heat loss of the regenerator has a
great influence on the performance of the whole mag-

netic refrigeration system. Chen analyzed the effect of
thermal resistances and regenerative losses on the per-
formance of magnetic Ericsson cycle qualitatively [111].

Main irreversible heat losses are:

� loss of finite heat transfer between regenerator

material and heat transfer fluid;
� loss of pressure drop yielded by flow resistance;
� thermal conduction along the magnetic material.

This is a significant loss mechanism [105];
� loss of mixing of regenerator fluid in the internal
regenerator;

� loss of heat leakage;

� losses of magnetic hysteresis and eddy currents;
� loss caused by viscous dissipation in the regen-
erator fluid; and

� loss of ‘‘dead volume’’.

In a reciprocating AMR, some amount of the heat
transfer fluid is always in the connecting lines between
the beds and the heat exchangers and never cycles both
through the beds and the heat exchangers. This trapped

heat transfer fluid, commonly referred to as the ‘‘dead
volume,’’ is a significant source of inefficiency in active
magnetic regenerators [112].

There are several characteristics of flow and heat
transfer in AMR:

� Porous media flow. Magnetic refrigerant is
generally packed into the bed as porous particles
or screens.

� Oscillating flow. The fluid flows periodically
reversing direction during the operation of
magnetic refrigerator, so the heat transfer coef-
ficient and flow resistance coefficient are depen-

dent on the kind of fluid media, flow frequency,
flow rate and porosity, etc.

� Heat transfer with internal heat source. There
are temperature and heat changes periodically in
AMR.

� Heat regeneration. Heat is regenerated in the
mixture of magnetic material and fluid media as

regenerator material is also the magnetic refrig-
erant. The regeneration process will certainly
influence the transformation between magnetic

energy and heat energy.
� Dynamic process. The flow and heat transfer in
AMR is a dynamic process during which the local

thermodynamic equilibriumcannotbemaintained.
7. Magnetic refrigeration system

Since the lattice entropy of the magnetic refrigerant is
large in the range of room temperature and the magnetic

entropy change is relatively large only in the vicinity of
Curie point, effective entropy change will consequently be
small if no measurement is adopted to fetch lattice

entropy. In addition, the supply of adequately strong
magnetic fields is limited by many factors. As a result, the
development of room temperature magnetic refrigeration

falls far behind that of cryogenic magnetic refrigeration.
However, after Brown constructed the first room tem-
peraturemagnetic refrigeration system in 1976, researchers

all over the world began to lay emphasis on the research on
room temperature magnetic refrigeration and developed
some guidablemagnetic refrigeration systems sequentially.

7.1. Brown magnetic refrigerator

The magnetic refrigerator developed by Brown in

1976 is a reciprocating type and employs an Ericsson-
like cycle [2]. The magnetic field is supplied by a water-
cooled electromagnet, whose maximum strength is 7 T.

The magnetic working body immersed in the regen-
erator consists of 1 mol Gd plates (1 mm thick) sepa-
rated by stainless-steel screen wires at interval of 1 mm
to allow the regenerator fluid to pass in the vertical

direction. The adiabatic regenerator is full of a vertical
column of fluid (0.4 dm3, 80% water and 20% alcohol).
The working body is held stationary in the magnetic

field while the regenerator tube containing the fluid
oscillates up and down. The 7-T field is turned on and
off at appropriate time during the cycle to complete the

demagnetization cooling, isofield (zero field), magneti-
zation heating and isofield (strong field) processes
sequentially. Under condition of no load, as shown in

Fig. 5, either of the demagnetization and magnetization
process deviates from the isothermal process of ideal
magnetic Ericsson cycle. And then the temperature span
is gradually enlarged with the cycle operation. After

about 50 cycles the temperature at the top reaches 46 C
and the temperature at the bottom reaches 	1 C,
obtaining a global temperature span of 47 K.
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Nevertheless, the cooling capacity is unremarkable as
a result of a larger temperature span. Moreover, the
cycle could not be operated quickly and the temperature
gradient decreased both for the easy mixing between

high- and low-temperature fluid in regenerator.

7.2. Steyert magnetic refrigerator

An alternative system of a rotating refrigerator in
accordance with the Brayton cycle was designed and

constructed by Steyert [98]. In this system a ring-shaped
porous magnetic working body rotates across high- and
low-field regions. The heat exchange fluid enters the

wheel at a temperature Thot, and leaves the wheel at a
temperature Tcold after expels heat to magnetic refriger-
ant in low-field. Then, the fluid re-enters the wheel at
temperature Tcold+� after picking up refrigeration heat

load Qcold. In the thermal exchange with the wheel
which is at temperature Thot+�, the fluid warms to
Thot+�. Finally it deposits heat Qhot in the high tem-

perature heat sink, completing the cycle as it re-enters
the wheel at Thot. The whole system is schematically
demonstrated in Fig. 6.

7.3. Kirol system

This system was designed by Kirol [113] as a rotating
machine, obeying magnetic Ericsson-like cycle. The
magnetic field is supplied with NdFeB permanent mag-
net and a maximum 0.9 T field could be obtained in an

air gap. The rotor is constructed of flat disks group of
gadolinium with narrow spaces between them. Thick-
ness of each disk is 0.076 mm and spaces are 0.127 mm

wide. One hundred and twenty-five disks, 270g in total
weight, are epoxy bonded together to form a rotor.
Rectangular flow ports are positioned at magnet edges

so that inlet and outlet fluid (water) could flow across
the field change regions. Four complete thermodynamic
cycles are completed during one circle of the rotor and
an 11 K temperature lift is acquired.
7.4. Zimm magnetic refrigerator

This magnetic refrigerator developed by Zimm [3] is
reciprocating type in accordance with the magnetic

Brayton cycle. Four processes of the cycle are shown in
Fig. 4 as described previously. A maximum 5 T field is
achieved with NbTi superconductor. The concept of

AMR cycle is adopted in the regenerator. Approximate
3 kg Gd spheres, 0.15–0.3 mm in diameter, are packed
in two magnetocaloric beds. The heat transfer fluid is

water (added with antifreeze). The total cycle time of 6 s
is composed of magnetization/demagnetization of 1 s
each and a fluid flow time of 2 s in each direction. The

results show that in a 5 T field, it can generate up to 600
W of cooling power and its efficiency approaches 60%
of Carnot with a COP approaching 15. But with a
maximum 38 K temperature span the cooling power

decreases to approximate 100 W. It can still generate
about 200 W cooling power in a 1.5 T magnetic field.
Furthermore, the device has been operated for more

than 1500 h and 18-month period without any major
maintenance or any breakdowns.
In addition to those above magnetic refrigerators,

Green [114] developed a reciprocating magnetic refrig-
erator whose active magnetic regenerator consists of 1/3
Gd, 1/3 a mixture of Gd and Tb and 1/3 Tb, and

obtained a 24 K (292–268 K) temperature span with
little capacity. Bohigas obtained a 1.6 K difference
between hot and cold regions through a rotating
machine under a 0.3 T permanent magnet magnetic field

[115]. Zhang built a reciprocating magnetic system based
on Brown system, but only get a 1.1 K temperature lift in
a 0.8 T field [116].

It was reported lately that American Astronautic
Corporation combined with Ames laboratory developed
‘the world’s first room temperature, permanent magnet,

magnetic refrigerator’ in September 2001. It has just
been applied for US Patent [117]. With a custom-
designed permanent magnet it can produce a magnetic
field strength nearly twice as high as the general perma-

nent magnet field. A powder of element Gd is stuffed in
pockets inside the ring-shape regenerator. The regen-
erator, roughly the diameter of a compact disk, rotates

powdered magnetic material in and out of a gap in the
Fig. 6. Sketch of Steyert magnetic refrigerator.
Fig. 5. Sketch of Brown system cycle.
B.F. Yu et al. / International Journal of Refrigeration 26 (2003) 622–636 631



powerful magnet at rear. The refrigerator is schematically
shown in Fig. 7.
8. Future perspectives of room temperature magnetic

refrigeration

It can be seen from the earlier description that main
progresses have been made in America. However, with
the continual phasic progresses of room temperature

magnetic refrigeration, the whole world has acceler-
ated in the research. Nevertheless, it is notable that
main work is concentrated on investigations of mag-

netic materials, lack of experimental explorations of
magnetic refrigerator. From the former results
achieved by researchers, it can be seen that there is
still a great performance difference between magnetic

refrigerator and vapor compression refrigerator in
terms of cooling capacity and temperature span. Main
difficulties lie in:

8.1. Large MCE of magnetic material is required

Magnetic materials available for room temperature
magnetic refrigeration are mainly Gd, GdSiGe alloys,
MnAs-like materials, perovskite-like materials. Though

their MCE are large comparable to other materials,
there are still some disadvantages such as narrow tem-
perature region applicable (MCE decreases quickly
when deviates TC), unsatisfactory magnitude of peak

values of MCE and a high magnetic field (5–7 T)
required for remarkable effect. In addition, the impu-
rities and structural imperfections significantly affect

their magnetization, heat capacity, and other properties
[118]. Generally, these materials are something far from
extensive applications.

It has been verified in the investigations on magnetic
materials in the room temperature range that composite
materials can yield large MCE in a wide temperature
region. But it has not been applied in magnetic refrig-

erator, partly depending on the level of processing of
magnetic material. The MCE of magnetic materials is so
important in magnetic refrigeration that most work is
directed to investigating and searching for new magnetic
materials of large MCE. Once magnetic materials of
high performance are found, the breakthrough of mag-

netic refrigeration will be achieved.

8.2. Strong magnetic field is required

Up to now the magnetic field can be supplied with
superconductor, electromagnet, or permanent magnet.

Superconductor and electromagnet can produce 5–7 T
strong fields. But the superconductor available is only
the very expensive and structure-complicate low tem-

perature superconductor, which needs to be cooled by
liquid-helium of extreme low temperature. The electro-
magnet needs great electric power to produce high
magnetic field, which makes it cumbersome and hard to

maintain. In general, these two methods are impractical
for the room temperature magnetic refrigeration in the
future commercial application. On the other hand,

despite of low cost, easy fabricating and good avail-
ability, the NdFeB permanent magnet can only produce
a magnetic field no more than 1.5 T now. The supply of

magnetic field is also a great obstacle of room tempera-
ture magnetic refrigeration development.

8.3. Excellent behavior of regeneration and heat transfer
is required

Theoretical analysis indicates that the practical effi-

ciency of magnetic refrigeration system is dependent on
the behavior of the regenerator and heat exchanger. In
addition to employing regenerator material to meet the

requirements of ideal regenerator, there are still space
for improving in mechanical design, structural design
(porous packed particles, thin plates, wire-screens, and

so on) and processing of materials. What is more, the
behavior of heat transfer and flow characteristics such
as oscillating flow frequency, flow rates, flow media,
porosity of porous media, and internal heat source is

essential to the capacity of refrigeration. In conclu-
sion, heat transfer in regenerator and external heat
exchanger should be enhanced to let the heat gener-

ated by magnetic material be transferred as soon as
possible.
9. Summary

Progresses of room temperature magnetic refrigera-
tion have been made worldwide. However, the develop-
ment of room temperature magnetic refrigeration is not
in mature status yet. Room temperature magnetic

refrigeration will be a new refrigeration method with
extreme potential on account of high efficiency and
environment-safe. However, wide application can be
Fig. 7. Schematic representation of the newmagnetic refrigerator.
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achieved indeed only after the breakthrough in the fields
of material science and refrigeration technology.
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Wirkungen der Coërcitivkraft. Ann Phys 1881;13:141–64.

[2] Brown GV. Magnetic heat pumping near room tempera-

ture. J Appl Phys 1976;47(8):3673–80.

[3] Zimm C, Jastrab A, Sternberg A, Pecharsky VK,

Gschneidner Jr KA, Osborne M, Anderson I. Descrip-

tion and performance of a near-room temperature mag-

netic refrigerator. Adv Cryog Eng 1998;43:1759–66.

[4] Debye P. Einige Bemerkungen zur Magnetisierung bei

tiefer temperatur. Ann Phys 1926;81:1154–60.

[5] Giauque WF. A thermodynamic treatment of certain

magnetic effects. A proposed method of producing tem-

peratures considerably below 1 absolute. J Amer Chem

Soc 1927;49:1864–70.

[6] Pecharsky VK, Gschneidner Jr KA. Magnetocaloric

effect from indirect measurements: magnetization and

heat capacity. J Appl Phys 1999;86(1):565–75.

[7] Pecharsky VK, Gschneidner Jr KA. Some common mis-

conception concerning magnetic refrigerant materials. J

Appl Phys 2001;90(9):4614–22.

[8] Hashimoto T, Numasawa T, Shino M, Okada T. Mag-

netic refrigeration in the temperature range from 10 K to

room temperature: the ferromagnetic refrigerants. Cryo-

genics 1981;11:647–53.

[9] Tishin AM. Magnetocaloric effect in strong magnetic

fields. Cryogenics 1990;30(Feb):127–36.

[10] Benford SM, Brown GV. T-S diagram for gadolinium

near the Curie temperature. J Appl Phys 1981;52(3):

2110–2.

[11] Ponomarev BK. Apparatus for measuring the magneto-

caloric effect in metal specimens in pulsed up to 8 T.

Instrum Exp Tech 1983;26:659–62.

[12] Ponomarev BK. Magnetic properties of gadolinium in

the region of paraprocess. J Magn Magn Mater 1986;61:

129–38.

[13] Kato H, Nara K, Okaji M. Instrumentation for highly

sensitive measurement of magnetocaloric effect: applica-

tion to high Tc superconductors. Cryogenics 1991;31:

425–30.

[14] Gopal BR, Chahine R, Bose TK. A sample translatory

type insert for automated magnetocaloric effect mea-

surements. Rev Sci Instrum 1997;68(4):1818–22.

[15] Otowski W, Glorieux C, Hofman R, Thoen J. A new

acoustic detection technique for a magneto-caloric effect.

Thermochim Acta 1993;218:123–33.

[16] Gopal BR, Chahine R, Földeàki M, Bose TK. Non-
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[26] Földeàki M, Chahine R, Bose TK. Magnetic measure-

ments: a powerful tool in magnetic refrigerator design. J

Appl Phys 1995;77(7):3528–37.

[27] Dan’kov SY, Tishin AM. Experimental device for

studying the magnetocaloric effect in pulse magnetic

fields. Rev Sci Instrum 1997;68(6):2432–7.

[28] Dan’kov SY, Tishin AM. Magnetic phase transitions and

the magnetothermal properties of gadolinium. Phys Rev

B 1998;57(6):3478–89.

[29] Tishin AM, Gschneidner Jr KA, Pecharsky VK. Magne-

tocaloric effect and heat capacity in the phase-transition

region. Phys Rev B 1999;59(1):503–11.

[30] Griffel M, Skochdopole RE, Spedding FH. The heat

capacity of gadolinium from 15 to 355 K. Phys Rev

1954;93(4):657–61.

[31] Glorieux C, Thoen J, Bednarz G, White MA, Geldart

DJW. Photoacoustic investigation of the temperature

and magnetic-field dependence of the specific-heat capa-

city and thermal conductivity near the Curie point of

gadolinium. Phys Rev B 1995;52(17):12770–8.

[32] Pecharsky VK, Moorman JO, Gschneidner Jr KA. 3–350

K fast automatic small sample calorimeter. Rev Sci

Instrum 1997;68(11):4196–207.

[33] Gschneidner Jr KA, Pecharsky VK. The influence of

magnetic field on the thermal properties of solids. Mater

Sci Eng 2000;287:301–10.

[34] Dai W, Shen BG, Li DX, Gao ZX. New magnetic

refrigeration materials for temperature range from 165 K

to 235 K. J Alloys Compounds 2000;311:22–5.

[35] Canepa F, Cirafici S, Napoletano M, Merlo F. Magne-

tocaloric properties of Gd7Pd3 and related intermetallic

compounds. IEEE Trans Magn 2002;38(5):3249–51.

[36] Niu XJ, Gschneidner Jr KA, Pecharsky AO, Pecharsky

VK. Crystallography, magnetic properties and magneto-

caloric effect in Gd4(BixSb1	x)3 alloys. J Magn Magn

Mater 2001;234:193–206.
B.F. Yu et al. / International Journal of Refrigeration 26 (2003) 622–636 633



[37] Pecharsky VK, Gschneidner Jr KA. Tunable magnetic

regenerator alloys with a giant magnetocaloric effect for

magnetic refrigeration from �20 to �290 K. Appl Phys

Lett 1997;70(24):3299–301.

[38] Pecharsky VK, Gschneidner Jr KA. Effect of alloying on

the giant magnetocaloric effect of Gd5(Si2Ge2). J Magn

Magn Mater 1997;167:179–84.

[39] Pecharsky VK, Gschneidner Jr KA. Giant magnetoca-

loric effect in Gd5(Si2Ge2). Phys Rev Lett 1997;78(23):

4494–7.

[40] Pecharsky VK, Gschneidner Jr KA. Phase relationships

and crystallography in the pseudobinary system Gd5Si4–

Gd5Ge4. J Alloys Compounds 1997;260:98–106.

[41] Pecharsky VK, Gschneidner Jr KA. The giant magneto-

caloric effect in Gd5(SixGe1	x)4 materials for magnetic

refrigeration. Adv Cryo Eng 1998;43:1729–36.

[42] Morellon L, Algarabel PA, Ibarra MR, Blasco J, Garcı́a-

Landa B, Arnold Z, Albertini F. Magnetic-field-induced

structural phase transition in Gd5(Si1.8Ge2.2). Phys Rev B

1998;58(22):R14721–R14724.
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