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The systems of magnets for magnetizing devices in the refrigerators based on
materials with a giant magnetocaloric effect are analysed. Permanent mag-
nets in these systems are magnets made of materials with giant anisotropy,
which generate strong stray fields whose strength exceeds the saturation in-
duction Bg of the magnet material (H > By = 4ntMg, where M is saturation
magnetization of this material). Taking into account the volume of such
magnets, a new parameter (specific field Hg,) is introduced for description of
the magnetic systems. The highest values of the specific field (Hgp = 5.2M)
are achieved in the system consisting of monolithic cylindrical disks with ra-
dial and axial components of magnetization. As shown, the quasi-nonuniform
system, in which disks are made of uniformly magnetized sectors, can also
generate stray fields with high values of specific field, which are close to Hgp
generated by the systems of monolithic disks.

IIpoanasnisoBaHo cucTeMyu MATHETIB /I MArHeTYBaJbHUX IIPHUCTPOIB Y pe-
dpmxepaTopax Ha OCHOBI MaTepiANiB 3 riraHTCHLKUM MarHeTOKAJbOPUYHUM
edbexTom. CTaji MarHeTu B X CUCTEMAaX MAalOTh OyTHM BUTOTOBJEHI 3 MaTepis-
JIiB 3 TiraHTCHhKOIO aHi30TpOMmi€io, 1110 3ab6e3euye ofepKaHHA CUJILHUX IOJIiB
PO3CisHHSA, TOOTO TAKMX IOJiB, HANPYKEHICTh AKUX MEPEBUINYE iHIYKIIiIO
Hacw4eHHs MaTepiany maruery By (H > Bg = 4nM g, ne M ¢ — MarHeToBaHiCTH
HacuueHHA). [[J1s XapaKTePUCTUKYU TaKUX CUCTEM 3 ypaXyBaHHAM 00’€My Ma-
THETiB yBeZleHO HOBUI ITapamMmeTrep — nuTtome noje Hgp. BeTanoBieHno, m1o Hal-
BUIIi 3HAUeHHA nuToMoro moas (Hgp, = 5,2M ) mocAraioTbecad y CUCTEMi, AKa
CKJIaIa€ThCA 3 MOHOJITHUX MUJIIHAPUYHUX AUCKIB i3 pafiAJIbHOIO Ta OCHOBOIO

1591



1592 D. P. BELOZOROV, L. Z. LUBYANIY, A. G. RAVLIK et al.

KOMIIOHEHTaMH1 MarHeroBaHocTu. KpiMm Toro, mokasamo, II[0 TaAK 3BaHa KBa3U-
HEeOJHOPifHa cucTteMa, B AKif AUCKY CKJAJEHO 3 OSHOPiTHO HaMarHeTOBaHUX
CEeKTOPiB, TAKOXK Ma€ I'eHEPYBATH II0JIA PO3CIAHHSA 3 BeIUKUM PiBHEM ITMTOMO-
T'0 TI0JIA, IO € OJTM3BKUM [0 BiATIOBiMHUX 3HAaUeHb H g, 1715 cucTeM i3 MOHOJTIT-
HUX JUCKiB.

IIpoananusupoBaHbl CUCTEMBI MATHUTOB JJIsI HAMArHMUMBaIOINX YCTPOMCTB B
pedpukepaTopax Ha OCHOBE MAaTePHAaJIOB ¢ TMTAaHTCKUM MAarHUTOKAaJIOpUue-
cxuM adpdexToM. ITocTOAHHBIE MATHUTHI B 9TUX CUCTEMAaX MOJIKHBI OBITH U3T0-
TOBJIEHBI U3 MAaTrHETUKOB C TUTAHTCKOII aHM30TPOIIMEl, UTO obecIieunBaeT IIo-
JyYeHUe CUJIbHBIX MOJIe pacceaHus, T.e. TAKUX MOJIeH, HAIPAKEHHOCTh KO-
TOPBIX IIPEBBIIIIAET MHAYKIIUIO HACHIIIIeHUA MaTepuaaa maraura Bg (H > Bg =
=4nM g, rie My — HaMarHM4eHHOCTh HachIllleHusa). [[Jisg XxapaKkTepUCTUKHU Ta-
KX CHCTEM C YyueTOoM o6beMa MarHUTOB BBeJeH HOBLINM mapaMeTp — yIeJbHOoe
nojne Hgp. YCTaHOBJIEHO, UTO Haubojiee BHICOKUE 3HAUEHUS YAEJIBLHOTO IIOJIA
(Hgp = 5,2M ) noCTUTAIOTCS B CUCTEME, COCTOAINEH M3 MOHOJIUTHBIX ITUJIVH-
IPUYECKUX NUCKOB C PaguaibHOM M OCEBOM KOMIOHEHTAMHM HaMarHWUUYEeHHO-
ctu. ITokasaHo TaKiKe, UTO TaK HasbiBaeMas KBa3WHEOJHOPOIHAS CHUCTeMa, B
KOTOPO¥ AUCKU COCTABJIEHBI N3 OJHOPOJHO HaMarHMYeHHBIX CEKTOPOB, TaKKe
IOJI;KHA CO3JaBaTh MOJIA PACCEAHUA C BLICOKMMU BeJIUUYNMHAMHU YIEeJIbHOTO IIO-
Jis, OIU3KUMU K COOTBETCTBYIOIIUM 3HaUeHUAM H g, JId cucTeM M3 MOHOJIUT-
HBIX TUCKOB.

Key words: magnetocaloric effects, magnetizing system, specific field, aver-
age field, monolithic disk, quasi-nonuniform system.
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1.INTRODUCTION

At present, a number of leading countries provide investigations of re-
frigerators based on giant magnetocaloric effect (MCE) [1-5]. MCE con-
sists in a change of magnetic material temperature when external mag-
netic field changes its magnetization in adiabatic conditions causing
quick change of magnetic field of the material. The change of magnetic
field in turn changes the internal energy of the magnetic material send-
ing it to heat up or cool down. If material is a paramagnet, the entropy of
magnetic subsystem decreases during magnetization. During adiabatic
process, the entropy of the system as a whole (magnetic subsystem and
crystal lattice) is constant, so the crystal lattice absorbs heat and heats
up. After switching off the field, the magnetic matter becomes demag-
netized. The entropy of magnetic subsystem increases, and the working
substance, namely the crystal lattice, cools down [6]. As is known, the
maximal MCE is obtained near magnetic phase transitions. Because of
numerous potential applications of this effect, nowadays, investigators
continue their intensive search of materials with giant MCE.

In accordance with Ref. [2], the efficiency of the refrigerator based
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on MCE achieves 80-90% of Carnot cycle efficiency, which is consid-
erably higher than that for up-to-date compressor refrigerators. The
refrigerators based on MCE materials are particularly effective near
room temperature [3, 4]. Since the magnitude of MCE is proportional
to the strength of applied magnetic field H, in the earliest models of
such refrigerators, superconducting solenoids were used. Permanent
magnets proved to be more effective and economical sources of strong
fields as compared with the superconducting magnets.

As the efficiency of cooling process depends on properties of materi-
als with MCE, on properties of permanent magnet materials, and on
design of magnetizing system of refrigerator, so main investigation
efforts are concentrated in two directions: 1) search of materials with
giant MCE; 2) development of permanent magnet systems generating
strong stray fields.

Nowadays, there is information about pilot models of refrigerators
based on MCE-alloy of Gd (Ge, Si) and refrigerator magnetizing sys-
tems identical in design to Halbach cylinder [3]. As will be shown be-
low, despite such systems allow high magnetizing fields, they are not
optimal in design.

2. RESULTS AND DISCUSSION

In this paper, we analyse different systems of magnets for application
in the above-mentioned refrigerator devices. Our goal consists in op-
timization of magnetizing systems of refrigerator. This problem is
poorly investigated to the present day. As a starting point, we use
strong stray field sources based on RE-materials with a giant anisotro-
py, e.g., SmCo;, which we studied earlier [7, 8]. Strong stray fields are
fields with strength H, which exceeds the saturation induction of the
magnet material By (H > Bg = 4nMg, where My is the saturation mag-
netization).

It is necessary to emphasize that magnetizing systems for refrigera-
tors must generate strong fields in a large working volume. Besides, in
parallel with the value of the field in the working volume, the volume
of the magnetic system as a whole is also of importance.

In the paper [3], Halbach cylinder is suggested as a source of the
field for the refrigerator device. However, there is a little sense in
talking about high efficiency of such magnet system, since a volume of
strong stray field (H > 20 kOe) in this system is small as compared with
the size of the whole cylinder. Authors of [3] do not optimize their
magnetizing system and say nothing about parameters, by which it
should be optimized. In contrast to this and in order to account the
volume of magnetic system and so to estimate an optimality of magnet-
izing systems, we introduce here a special parameter—specific field
Hgp. The parameter Hgp is given by the following expression:
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.[ H(x,y,z)dV
Vi

H, = ) 1
= (1)

where V,, is a volume of magnet; V;, is a volume of a working space;
H(x, y, z)is the strength of stray fields concentrated in this space. Cal-
culation of H(x, y, z) was provided according to methodology described
in [8] with the use of MATHCAD mathematical software.

Expression (1) is correct on condition that MCE dependence on the
magnetizing field is linear. This linearity was confirmed experimental-
ly in the papers [9, 10]. It is important that the value of the specific
field Hgp could be used to compare different magnetizing systems of
refrigerators.

It should be noted that a problem concerning MCE field dependence
is studied insufficiently now. A nonlinear field dependence of MCE
materials is not ruled out. Therefore, in general, the concept of specific
field Hsp should be generalized using some specific function f(H) in the
integral of Eq. (1) instead of linear dependence, which adequately de-
scribes MCE field dependence of the particular material. Hence, the
MCE field dependence of working material is an important characteris-
tic for design of the specific magnet system.

When solving the optimization problem, we carried out a compara-
tive analysis of following three types of magnet systems: 1) system 1 of
permanent magnets formed as cylindrical disks magnetized radially
(Fig. 1, a); 2) system 2 of cylindrical magnets, magnetized uniformly
and perpendicularly to their plane surfaces (Fig. 1, b); 3) system 3 of
cylindrical disks, in which magnetization vectors have both radial and
axial components (Fig. 2).

Fig. 1. Systems of cylindrical magnets with radial (a) and uniform (b) magnet-
ization distribution.
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Fig. 2. Systems of cylindrical magnets possessing both radial and axial com-
ponents of magnetization: simple system (a) and system with cores (b). 1—
basic cylindrical magnets; 2—auxiliary magnet (core); 3—working space be-
tween auxiliary magnets; 20 is the width of working gap.

It is obvious, at o = 0°, system 3 turns into system1, and at oo = 90°,
system 3 turns into system 2, i.e. systemsl and 2 are the special cases
of system 3. We should note here that the field in gaps between plane
surfaces of the permanent magnets previously named is a working
field, i.e. the MCE material must be placed inside the gaps.

We have formulated before [7] the average field concept as applied to
nonuniform stray field and it was shown there that a system consisting of
two magnets with radial magnetization (Fig. 1) generates the strong stray
field with average value (H) > B, practically across the gap diameter. It
should be noted that we have found strong stray fields in other systems as
well (see [7, 8]). The necessary condition of their appearance is an em-
ployment of hard magnetic materials with giant anisotropy.

In the narrow gap of the system [7] (in the space between two mag-
nets), the average field is given by the formula

vy,
(H)=] H=e (2)

As follows from (2), the value of the average field for this system twice
exceeds Bg. From relations (1) and (2), we have that the value of the
specific field lies always below the value of the average field. However,
for the specified system of magnets the values of these fields are in di-
rect ratio. Since density of magnetic flow in uniformly magnetized
magnet equals to Bg = 4nM g, assuming linear MCE dependence on the
field, we see that the value of specific field does not exceed the satura-
tion induction Bg=4nMg.

Calculating Hg,, we did not take into account the volume of auxilia-
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ry magnetic cores, which are included in all constructions of magnet
systems in order to reduce influence of stray fields generated by oppo-
site magnetic ‘charges’ induced on external surfaces of the magnets[7,
8]. It is clear that the accounting of sizes of auxiliary magnetic cores
diminishes the value of specific field. However, if auxiliary cores of
the system are made of permanent magnets, as it is represented in Fig.
2, b, similar decay will be insignificant. Besides, stray fields of oppo-
site direction in areas 3 between auxiliary magnets (Fig. 2, b) also can
be working fields, as MCE is an even effect [6].

The values of specific field were computed with consideration of Z-
component of the stray field denoted as H,. The calculations were car-
ried out for systems 1, 2 and 3 at different values of disk thickness #,
distance 20 between the disks and the angle oo between Mg and plane of
the disk. During calculation, we assumed that V,, is a volume of one
magnet, and V3, is a volume of gap between pair of magnets. In addi-
tion, we supposed that the generated stray fields did not change radial
distribution of magnetization in the magnets. It is ensured if materials
with giant magnetic anisotropy are used. The radial component of the
stray field H, is small, so it was not considered.

The results of calculations are shown in Table 1. When values of Hp
are compared, it is apparent that the system of magnets with radial and
axial magnetization components (Fig. 2) is the most effective. The
maximal specific field equals to Hgp = 5.2Mg and is reached at k=
=1.2R, 6=1.2R and o.=30°. In the system of magnets composed of
plates uniformly magnetized along their normal, the specific field is
small: Hgp =~ M.

It should be noted that estimates of specific field of systems [3] in-
cluding Halbach cylinder [11] show that Hg, < M. The reason lies in
small specific volume of the working space in the design of magnetic
system proposed in [3]. To reach higher values of Hg, in such a system,
it should be optimized by both geometrical parameters of the system
and distribution of magnetization in the magnets. As far as we know,
this problem is not solved yet.

TABLE 1. Calculated values of specific field Hgp for the system of double
cylindrical magnets (Figs. 1 and 2). When calculating, the Z-component of the
stray field was taken into account.

o« | 0 | 30° | 45 60° 90°
h=R,5=R 4.45M;  5.0M,  4.77M;  4.2M, = M
REVER S aseM,  s2Mg  4.86M,  4.17M, _
"= i%ﬁ 4.245M AM, 3.3TM,  2.57TM, _
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Fig. 3. Quasi-nonuniform system composed of eight sectors (a); isolines of the
H,(x,y) dependence in the gap of 6=0.01R between two similar quasi-
nonuniform magnets (b). Field strength H, is expressed in oersteds.

As follows from calculations, which were carried out, rather high
specific fields can be achieved in systems of permanent magnets with
nonuniform distribution of magnetization (Figs. 1, a and 2) and, con-
sequently, such systems should be the most effective when used as field
sources in refrigerators based on MCE materials. A limitation of these
systems lies in difficulties of manufacturing of monolithic magnets
with radial distribution of magnetization. Nevertheless, this limita-
tion can be overcame, if we use so-called quasi-nonuniform system,
which represent magnets composed of some sectors instead of mono-
lithic ones (Fig. 3, a).The sectors are uniformly magnetized and mag-
netization vectors possess both radial and axial components. We have
studied these systems in [7].

It was shown that quasi-nonuniform systems are similar in their
basic parameters to the systems of cylinder magnets with radial distri-
bution of magnetization. Quasi-nonuniform systems have large locali-
zation area of strong field similar to magnets with radial magnetiza-
tion. This can be seen in Fig. 3, b, where lines of equal field strength
are shown in the narrow gap between two composite magnets (Fig. 3,
a). Because of large localization area of the strong field, high values of
average field are realized.

Data shown in Fig. 4, where values of average field (H,) are com-
pared for various angles o for the systems with radial magnetization
(upper curve) and quasi-nonuniform systems (middle and lower
curves), also demonstrate the similarity of these two systems. As can
be seen, the values of average field components (H,) in the narrow gap
between the pair of such magnets are closely allied. The qualitative
similarity in dependences of the average field (Fig. 4) and the special
field (Table 1) on o is also noteworthy: in both cases, they reach maxi-
mum at oo = 30°. It follows that quasi-nonuniform systems should also
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Fig. 4. Dependences of average field (H,) on the angle o in the narrow gap be-
tween two cylindrical magnets with radial and axial components of magneti-
zation (upper curve). Middle and lower curves represent the dependences of
(H ) on o for quasi-nonuniform systems with 8 and 4 sectors, respectively.

provide high values of special field.

3. CONCLUSION

Various magnet systems for refrigerators on the base of materials with
giant magnetocaloric effect MCE were analysed. The specific magnetic
field Hgp was introduced as a new parameter for characterization of
stray fields generated by the systems. It was shown that the system
consisting of monolithic magnets in the form of cylindrical discs with
radial and axial components of magnetization is the most optimal from
three systems considered and provides field generation with the high-
est values of the specific field. For such systems, Hgp reaches 5.2M. It
was also found that a quasi-nonuniform system, in which discs are
composed of uniformly magnetized sectors, should generate stray field
with high values of Hg, close to corresponding values of special field
for the systems of monolithic cylindrical discs, in which the distribu-
tion of magnetization is characterized by radial and axial components.

REFERENCES

1. F. M. Tishin, Handbook of Magnetic Materials.Vol. 12 (Ed. K. H. J. Bushow)
(Elsevier Science B.V.: 1999).

2. F.I. Abramovich, A. V. Michurin, O. Yu. Gorbenko, and A. R. Kaul’, Phys. Sol-
id State, 43: 687 (2001).

3. S. dJ. Lee, J. M. Kenkel, V. K. Pecharsky, and D. C. Jiles, J. Appl. Phys., 91:



-

o

10.

11.

DEVELOPMENT OF MAGNETIZING SYSTEMS WITH STRONG STRAY FIELD 1599

8894 (2002).

S. Gama, A. Coelho, A. Campos et al., Phys. Rev. Lett., 93: 237202 (2004).
YiLong, Chen Yanping, Li Lihui et al., Chinese Science Bulletin, 48, No. 17:
1791 (2003).

S. V. Vonsovskiy, Magnetism (Moscow: Nauka: 1971) (in Russian).

V. N. Samofalov, D. P. Belozorov, and A. G. Ravlik, J. Magn. Magn. Mater.,
320, No. 8: 1490 (2008).

V. N. Samofalov, A. G. Ravlik, D. P. Belozorov, and B. A. Avramenko,
J.Magn. Magn. Mater., 281: 326 (2004).

K. P. Belov, M. A. Belianchikova, R. Z. Levitin, and S. A. Nikitin, Rare-Earth
Ferro- and Antiferromagnetics (Moscow: Nauka: 1965) (in Russian).

K. P. Belov, Magnetocaloric Phenomena in Rare-Earth Magnetics (Moscow:
Nauka: 1990) (in Russian).

K. Halbach, J. Appl. Phys., 57, No. 1: 3605 (1985).



