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ABSTRACT

For a direct characterization of magnetocaloricemals, the measurements are generally made ihaitttia
conditions. In such conditions, the initial temgara of the material is stabilized and then the metig field
is changed from O T to a given finite value. Howeve the majority of magnetic refrigeration system
magnetocaloric materials are magnetized and dertiagden non adiabatic conditions. Furthermore,adtn
nobody pays attention to the measurememofn actual conditions encountered in magnetic sysiekh
present a test-bed modelled and designed in canpersith Cooltech Applications, to characterizegne-
tocaloric materials in practical conditions, waslimed in the Institute of the Thermal Sciences and
Engineering (IGT, Yverdon-les-Bains, Switzerlan@ihis system allows the measurement of temperature
differences and forces acting on magnetocalorienas as a function of temperature and frequedasing
magnetization-demagnetisation cycles, with a magmseurce having an induction field of about 2 deh
this article initial results of forces and temparatdifferences obtained with some magnetocalodtenals
are reported.

1. INTRODUCTION

The impact of synthetic refrigerants on the envinent as well as the legal safety obligations dthe
refrigeration industry to seek for new ways for gbately phasing out greenhouse gases or for deogpas
their charge in numerous installations. In ordebéofree from synthetic refrigerants, industries eonti-
nuously searching for environmentally friendly asutable new technologies that will enable highrgype
savings, therefore reducing indirect £€missions. During the last fifteen years, botmely the load re-
duction of the refrigerants in the installationgldhe use of natural, non-flammable, environmeytaien-
dly refrigerants have been the preferred optionsiagy end users such as Nestlé, Unilever, Coca €mla

Research on future refrigeration technologies tsiéself on the indirect cooling technology as. &gase
Change_8urry (PCS), CQ vapour compressor technology, thermo-electridgefation, thermo-acoustic re-
frigeration and magnetic refrigeration (MR). Sint@97, when Pecharsky and Gschneidner discovered a
giant magnetocaloric effect in e, Siy)4 [1], intensive investigations have been conceatt@n magne-

tic cooling at room temperature. Based on the magaéoric effect (MCE), magnetic cooling is consitk

in recent years as a serious alternative to regla@ecommon gas-compression/expansion method due to
high efficiency and environmental concerns [2]. ikmportant MCE is considered to be the most impartan
requirement for such an application. It is therefstrongly desirable to find new materials withasgé
MCE, in particular at induction fields close to 2afd close to room temperature. Since then, thave h
been a large number of studies on systems, asasathagnetic materials, in particular to find outith
suitability as potential refrigerants [3-7]. In atitwh, the measurement methods, as well as apEastior

the characterization of magnetocaloric propertés, important research topics [8-10]. In orderéalize
magnetic cooling, it is important for magnetic mits to exhibit a large entropy chang8. However, the
calculation of this property, generally based oa kaxwell’s relation and isothermal magnetizatiatad

has been the subject of controversy and long dismus [11-14]. This quantity alone does not fulhaacte-
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rize the effectiveness of a material for a refragien application. Another important parameter hig t
adiabatic temperature chang€.g.

For the measurement of a magnetocaloric matetet'gperature change, different methods have begropro
sed in the literature [8YT can be determined directly or indirectly. For eedi determination of T, the ma-
terial is subjected to a magnetic field changeitsmtkmperature variation is measured generallg bystem
of thermocouples. For an indirect determination4df (calorimetric method), the adiabatic temperature
change is determined by measuring the specific &eat function of temperature at various magnégid f
strengths. However, based on adiabatic magnetizatieasurements Levitiet al. [15] proposed another
method to determindT,y. This technique compares the magnetization fieldeddence performed under
isothermal and adiabatic conditions. Due to the metmraloric effect (temperature increase), thebadia
magnetization curve intersects the magnetizatiothesms. The intersection point is then used terdahe
the field dependence of a sample’s temperature \@ld@&batically magnetized, and, as a consequefige,
(T, H). Various measurement methods can be found in referi].

In almost all described methods the measuremertpenformed in adiabatic conditions. Practicallye t
majority of the magnetic refrigeration systems apein non adiabatic conditions. Moreover, for aynaic
cooling machine, the coefficient of performance EQr the efficiency is defined by the ratio of the
produced cooling energy and the consumed energgglarmagnetization-demagnetization cycle. In such
system, the magnetic field is created without eigity consumption when the magnetic source is a
permanent magnet. Only mechanical energy is redguoenove the magnetocaloric material in and out of
the magnetic field. This energy depends on theefared the torque induced by the interaction betvileen
active material and the magnet. These quantitesdunction of the material’'s magneto-thermal praps
and the magnetic field. So, in addition to the nedgoaloric properties, the applied forces on thgmetoca-
loric materials in a magnetic refrigerator canuefice strongly the efficiency of the latter.

In this paper, we present a simple apparatus #rctiaracterization of magnetocaloric materials eclms
room temperature under practical operation contliti@istant or close to the adiabatic conditiom, 2etc).
The obtained results with different materials iadéc that the developed setup is suitable for quick
measurements of the magnetocaloric effect andrdetation of the transition temperature (Curie terape
tureTc). Besides this, the magnetic forces acting onrihterial can also be measured.

2. EXISTING MAGNETIC COOLING SYSTEMS

By the introduction of international regulationsotvaxes of research were strengthened. The first one
focusses on the development of new alloys and ¢bensl is related to system’s developments. After th
year 2000 several demonstration systems were dmel¢see e.g proceedings of tH¥ mternational
Conference of the IIF/IIR on Magnetic Refrigeratian Room Temperature, April 2007, Slovenia) in the
USA, China, France, Canada, Switzerland, etc. tfofisnagnetic refrigeration prototypes is givenable 1.

3. EXPERIMENTAL TEST FACILITY

The design and the building of the presented searp motivated by the following criteria:

1. Simultaneous measurements of the magnetocadffect as well as of the transition temperature of
different magnetocaloric materials.

2. Evaluation of the forces acting on the matersald the study of different phenomena related &ir th
internal state, like hysteresis and demagnetizaifact, etc.

3. Properties determined close to and at room teatyre.

4. The measurements must be performed in real wonslithat are encountered in a magnetic refrigerat
system in a practical application.
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Table 1. Existing magnetic refrigerators are listedhe table beneath (based on information disteith at
the 2 International Conference of the IIF/IIR on Maguoe®efrigeration at Room Temperature, 11-13 April
2007, Portoroz, Slovenia).

Institute Type Max | Max Magnetic Field Regenerator
Country Y ear cooling | AT (T)
power | (K)
(W)
Ames Reciprocating | 600 10 Superconducting Tested with Gd spherg
Laboratory 1997 magnet: 5T
Astronautics
Corp., USA
Barcelona Rotary 5 Permanent magnetTested with Gd foll
Spain 2000 095T
Chubu Electric | Reciprocating | 100 21 Superconducting | Tested with Gd sphere
Japan 2000 magnet: 4 T
University of Reciprocating | 2 14 Superconducting | Tested with Gd and ...
Victoria, Canada 2001 magnet: 2 T
Astronautics Rotary 50 25 Permanent magnet] Tested with Gd sphe-
Corporation, 2001 15T res, layered bed
USA
Sichuan Inst Reciprocating | 40 23 Permanent magnet] Tested with Gd powde
China 2002 14T and
Gds(Siy.985G€1.98:G .09
powder

Chubu Electric | Reciprocating | 40 27 Permanent magnet:
Japan 06T
Laboratoire Reciprocating | 4 4 Permanent magnet:Tested with Gd foil
Electrotechnique 08T
Grenoble France
Cooltech France, Rotary 95 16 Permanent magneT.ested with Gd foil

17T
Georges Reciprocating 5 Permanent magnet:| Tested with Gd foll
Washington 2005 2T
University, USA
University of Reciprocating | 15 50 Superconducting
Victoria, Canada 2005 magnet: 2 T
University of Rotary 100 3 Permanent magnet] Tested with Gd sphere
Applied 2006 08T
Sciences of
Western
Switzerland
University of Reciprocating | 100 7 Permanent magnet] Tested with Gd foil
Applied 2007 2T
Sciences of
Western
Switzerland

=

The test facility is shown in figure 1. In this @patus the sample is placed and fixed in a ‘mdtaokler’.

The ‘material holder’ is moved in and out of thegmatic field by a pneumatic linear piston. The appss

runs automatically controlled by a Personal Compulbe temperature, the temperature change and the
force acting on the material under experimentakstigation are observed online. The frequency ef th
periodic motion and the ambient temperature cam ladscontrolled. A determination of the temperatfre

the sample is performed, if the ambient temperatuie the range of 278 K to 310 K. It is also pbksto
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directly heat or cool the ‘material holder’ withchlly applied pulsed air, allowing now an extended
temperature range of 274 K to 330 K. The tempeeatlistribution is evaluated by a thermocouple probe
with a response time lower than 10 ms, and the etagfield induced by the magnetic circuit is detered

by a probe based on the Hall Effect.

a) The test facility.

b) Small permanent magnet (2x10x20 mm). c) Dfggadolinium (20 mm diameter and 2 mm
thickness) with Hall probe.

Figure 1: Test facility with a magnetic field soeraf approximately 2 Tesla.

4. RESULTSAND DISCUSSION

For magnetic cooling requirements, several typasagnetic flux sources were reported; leeal. [16] and
Vasile et al. [17]. For the here described test bed, neodymitom boron (NdFeB) permanent magnets,
which have a highest remanence of ~1.45 T, wersashto build the magnetic source. It is shown guirie

1. This latter was adopted to generate a magrieticdf approximately 2 Tesla (in the empty gaf)eTield
source’s air gap has a cross section of 10 mm mB0and a length of 200 mm. Figure 2 presents the
magnetic field measured in the centre of the gapgits length with a Hall probe. As shown in fig, the
magnetic field is relatively homogeneous inside thegnetic source and presents a maximal valuesin it
centre of about 2 Tesla.
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Figure 2: Magnetic field distribution along the @xif the magnet.

Using the test facility, we have performed direaasurements of the temperature change as fundtion o
temperature for pure Gd and the compound L&Fg.Si;;. The pure Gd is serving as a comparative
reference. In order to compare the results obtayedsing the here presented test bed and those mad
adiabatic conditions, we have performed the measemé of ATy for LaFe;CaqyoSip; in the Baotou Re-
search Institute of Rare Earths in China. Besiilés worth noting that the initial temperaturetbé sample
(plotted in figures 3-4) corresponds to the temjpeeajust before the jump caused by the magnebizair
demagnetization.

For Gd (figure 3 a), the normalised temperaturenghameasured in the test-bed during magnetization a
Curie temperature is found to be about 2 K/T mdtef 2.7 and 2.9 K/T obtained respectively in Gd b
Huanget al. [10] and Gschneidnest al. [18] in adiabatic conditions. This difference che attributed
essentially to the demagnetisation effect due éodimpe of our sample. We note that our measursment
were performed on a sheet of gadolinium with akitéss of 0.3 mm. So, in this case, the applicatioa
perpendicular magnetic field to the surface ofsheet induces a demagnetisation field, cancelling@art

of the applied field. This reduces the magnetitdfiaside the magnetocaloric material and as canssce
decreases the magnetization and the magnetocaffeict. The demagnetization effect explains als th
large deviation observed in figure 3b between oletiexperimental data and theoretical calculatidribe
MCE based on the mean field theory (MFT). In threcent paper Bahl and Nielsen [19] reported on the
effect of demagnetisation on the magnetocaloripg@mies of gadolinium. The adiabatic temperatur@ngie

of different gadolinium sheets upon applicationaomagnetic field was determined for various valoks
applied field and sample orientation. The auth@gehobserved a significant dependence of the MCten
sample orientation. Furthermore, taking into actdbe demagnetisation factor, our measurementsef t
temperature change are in agreement with that reddaior an adiabatic process. The observed deniatio
between magnetization and demagnetization curvedeaxplained by the hysteresis efféicis true that,
the equilibrium conditions, heat leaks, the rateh&f magnetic field change as well as the Eddy
current can influence the magnitude of MCE when rtiegerial is magnetized or demagnetized.
However, according to different measurements peréor for several materials, it seems that the
observed difference between figure 3-a curves eaattiibuted essentially to the irreversibility of
MCE, as a consequence of the hysteresis. Lookifigwate 3-a, the deviation between MCE curves
during magnetization and demagnetization procesdaige in ferromagnetic state (lower
temperatures), while this difference is smalleparamagnetic region. This, is jutified by the fact
that in paramagnetic state, the magnetization dbljaum evolves almost linearly (slightly) with
the magnetic field which makes the transformatiooranreversible leading as consequence to a
reversible MCE. The same behavior can be seenledraFe Coy ¢Siy 1 [20]. This problem as well

as the demagnetization effect will be treated ifaitlen a forthcoming communication.

The measured temperature changes for Li@6gSi; 1 compounds performed in adiabatic and non adiabatic
conditions are given in figure 4. For Lai@g, oSi; ; the obtained maximumT (at Curie temperature) is
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about 2.15 K, for a magnetic source with an indurcfield of 1.96 T, which is equivalent to the \aidn of

the temperature change with a rate of about 1 KéFnjaliseddT). For a magnetic field varying from O to
1.48 T, the maximal adiabatic temperature chang&asit 1.5 K (~ 1 K/T) which is in good agreemeithw
that obtained by using our developed apparatus.gdew from the curve in figure 4, the Curie tempae
corresponding to the maximum point (test bed measeants) is found to be 293 K for Lai@ag, ¢Siy 1. This
value agrees closely with that obtained accordmghermomagnetic curves collected at lower magnetic
fields wherelc=294 K [21].

4 7.5
3.5 4 Magnetization N (@) — MFT calculation (b)
. L a 6
3 | 4 Demagnetization g & Measured data
_ 3 g
< 2.5 1 LA K4
Eoy ] A A
< Hah 3 -
1.5 1 i
1 - 15
Fi
0.5 1
G T T T T T T T
0 T y y y T y T T T ' T 200 220 240 260 280 300 320 340
230 240 250 260 270 280 290 300 310 320 330 340 350 T(K)

T(K)

Figure 3:Temperature changes performed in the test bedui@ @d under non-adiabatic conditions with
1.96 T in a magnetization and a demagnetizatiocga® (a), and a comparison between the temperature
change obtained (here only during magnetizatiomguthe test bed and that calculated based on dam
field theory (MFT) at the same magnetic field AAT (b).

2.5
LaFe1Cog s8It 4 L 0196T
A {near adiabatic conditions)
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A A A 0148T
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Figure 4: Temperature change performed in thehtedtfor LaFeCaoy oSy 4, if a magnetic field change of
1.96 T is applied. For comparisaii,y measured in the Baotou Research Institute of Earéhs in China
for 1.48 T is also shown.

The coefficient of performance of a magnetic redfrggor is defined as follows:
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cop=¢ )

tot

whereQ,. is the absorbed heat from the could source\&jdis the total work inputW,, is given by:

W 2

tot

=W, +W

pump

whereW,,,,, denotes the fluid pumping work aM{_,, is the energy absorbed by the motor that drives th
refrigerant material in and out the magnetic figldion. The magnetic work is given by:

Whag = JFd, (3)
cycle

whereF is the magnetic force amltirepresents the displacement of the MCM bed aloaghrmodynamic
cycle. Equations 1 to 3 show the importance of ma#ig forces and their relation on the efficiendptify

the fact that the magnetic work constitutes a lgoge of the full absorbed energy by the coolingtem.
Furthermore, the evaluation of these forces isreéiginterest. A sensor was inserted in the heseried
test bed to measure the magnetic forces actingiff@raesht magnetocaloric materials as a function of
temperature, frequency, etc.

Generally, the acting magnetic force applied byagnetic field sourc® on a volumedv of magnetocaloric
material with magnetizatioll can be expressed by:

F(T,B) =jv(|\7| grad) Bav. @)

This equation shows that a magnetic force is cdeatken the material is moved in an inhomogeneous
magnetic field. Figure 5 shows the observed adtinge and magnetic field for measurements perforated
room temperature on a small permanent magnet efxsiz 10 x 20 mm during a magnetization and demag-
netization process. The observed magnetic fielshéasured by a Hall probe placed on the measured ma-
terial’'s (magnet’s) surface, which explains itsthigalue compared to that of the magnetic source96-T).
Looking at figure 5-a, the applied force to theadsmaterial appears in the region closest to tieece of

the magnetic source, where a field directionalw@gve exists. Furthermore, when the material ssd@ the
magnetic source, the magnetic force becomes zeraadiihe uniformity of the magnetic field, whichsisen

in figure 2.

Magnetic field

(a) Force (b)
15 ¢ =
— 5 3 t — 15 N
@
o 101 L - . e 3 o
° 2 © s 10 - —a— Magnetization
5 g b —— Demagnetization
=
[ 4 & 5
u T u E
8 e —— R 0 - . - - .
0 10 19 29 38 48 57 67 76 36 95 0 0.5 1 1.5 2 2.5

Time (S) foH (T)

Figure 5: Force and magnetic field time depend@heemagnet (2 x 10 x 20 mm) during the magnetizati
and demagnetization process (a). Force versusdigeetic field of the magnet is given in (b).

Third Int. Conf. on Magnetic Refrigeration at Rodemperature, Des Moines, USA, 12-15 May 2009 7



Figure 6 presents the magnetic field dependenteeddipplied force on a disc of gadolinium (20 miamnatk-
ter and 2 mm thickness). For Gd a significant désiabetween the curves corresponding to magnéiizat
and demagnetization is observed. On the other Hanthe magnet this phenomenon is absent (seeefigu
b). The observed difference is attributed esséytialthe magnetocaloric effect exhibited by Gd emdn
applied field of 1.96 T, which modifies the thernaaild the magnetization profile. However, in theecab
Gd the maximal value of the applied force compave (~7 %) with that calculated using a finite ralent
method by applying the software Flux3D.

16

—&— Magnetization
—— Demagnetization

14 |

Force (N)
> P

[22]

0 0.5 1 1.5 2 2.5 3
HoH (T)

Figure 6:Acting magnetic force on a disc of Gd (20 mm diseneind 2 mm thickness) during a
magnetization and demagnetisation process.

5. CONCLUSION AND OUTLOOK

A simple apparatus for the characterization of nedgraloric materials close to or at room tempeeainr
practical conditions was developed. With this yéganumber of samples can be tested simultaneodsly.
magnetic field source based on NdFeB magnets wastroated to generate a large magnetic field otiaBo

T. The results of preliminary measurements on soragnetocaloric materials have been presented to de-
monstrate the performances of the setup. The auai@mperature change for some materials like @d an
LaFe:Co¢Siy 1 correspond well with that performed in adiabatioditions, showing that the developed de-
vice can be used for a fast characterisation ofGbee temperature and adiabatic temperature chahge
potential magnetocaloric materials close to ormabiant temperature. The acting magnetic forcesltragu
on the interaction between a magnetocaloric méatend the magnetic source can be also determintgd. T
allows us to select materials, so as to minimizeds and to increase the efficiency of potentiajmedoca-
loric refrigeration systems.

The Swiss Federal Office of Energy (SFOE/BFE/OFEM)ports a complete and detailed study of magnetic
field forces by refining and extending the presdratpparatus.
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