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The small-scale magnetocaloric cooling device was developed at Czech Technical University in Prague. The
magnetocaloric small-scale cooling system was designed as push-pull system with two permanent magnets with
field of about 0.85 T. The construction offers a possibility to alter independently many parameters of the cooling
process and it ensures easy way to change working material and design of heat exchangers. The measurements
were performed with 35 g of gadolinium as a working material and ethanol as heat transfer liquid. Device was
successfully operated at room temperature with maximal heat span of 3.1 K. In the article we report design of the

machine and first measurement performed on it.
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1. Introduction

Magnetocaloric refrigeration attracted great attention
in recent years. It represents environmentally friendly
and possibly more effective alternative to classical gas
compression method. The magnetic refrigeration uses
magnetocaloric effect (MCE) discovered by Warburg in
1880’s as a change of temperature of material by appli-
cation of magnetic field. In 1930’s this principle was
proposed for obtaining temperatures below 1 K and a
method of adiabatic demagnetization was introduced by
Debye and Giauque. Discovery of materials which show
MCE around room temperature [1-11] and everyday need
of more efficient technology leads to an idea of construct-
ing refrigeration machines operating on basis of magnetic
cooling. Moreover, such machines can give the oppor-
tunity to exploit the waste heat [12] or by using sev-
eral stages construction the gases can be liquefied. Even
though several prototypes were introduced to scientific
and industrial community a further investigation of opti-
mal MCE material, heat exchangers, heat exchange me-
dia and many other aspects of the cooling process are
needed to construct an optimally working device.

It is possible to choose between many magnetocaloric
materials nowadays. One of best MCE materials are sub-
stituted La(Fe,Si)15 [13-15] with entropy change reaching
more than 30 J Kg=! K=, Gd5(Si,Ge), [6, 7], NiaMnGa
[1] based compounds in which the giant MCE is con-
nected to the existence of coupled magnetostructural
transition. MnFePAs [9] is an example of material with
first order magnetic transition and by proper composi-
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tion it is able to tune the transition temperature in sig-
nificant temperature region. Disadvantage of these ma-
terials is relatively narrow temperature dependence of
magnetocaloric quantities (entropy change AS and tem-
perature change AT') and their price. Number of reports
in the literature about amorphous metallic rare-earth
based material present interesting entropy change in very
broad temperature region, although transition tempera-
tures are usually far below 300 K. We should also mention
pure Gd which is a benchmark material and due to its
mechanical properties it is also wildly used in prototypes
of refrigerators.

Several testing machines were presented in the litera-
ture starting from simple apparatus for testing magne-
tocaloric materials to industrial prototypes in last few
years [16-19]. Interesting design of solid state device was
tested by Silva et al. [20]. The research and development
of the magnetic cooling technology was also summarized
in several review articles [21, 18]. The most effective and
powerful devices are characterised by rotational design
and they are using active magnetic regenerator (AMR)
cooling cycle. One of the latest design was introduced by
Engelbrecht et al. [22]. The device was able to reach
25 degrees temperature span and maximal power was
1010 W. The 2.8 kg of Gd was used in regenerators. Ma-
chines with smaller amount of magnetocaloric materials
were also reported. The amount of 0.11 kg of Gd was used
by Tura and Rowe [23]. Their device was able to operate
with 10 K temperature span with 50 W of cooling power.
As the cost of rare earth is high, the small scale devices
are very important as they do not need large quantity of
magnetocaloric material nor of the permanent magnets.

Even though the presented prototypes are already very
promising, the coefficient of performance is still small.
The benefit of the magnetic refrigeration is reduction of
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substances harmful for environment in today prototypes.
The efficiency of magnetic cooling can be and need to
be further improved to fully utilize the potential of the
technique. In this work we present highly variable small
scale testing magnetic refrigerator which represents easy
way to test and find optimal materials and conditions for
building and operating real effective refrigeration device.

2. Refrigerator design

The device was designed as push-pull small-scale re-
frigerator. The construction allows us quickly and easily
exchange between different working material and heat
exchangers as well as control the operational parameters
(frequency, transported amount of heat exchange media,
etc.) without any mechanical adjustments. One of the
most important parts of the refrigerator machine is the
working material inserted in magnetic regenerators. By
changing the composition of the working material we can
play with the operation temperature, temperature span
and cooling power. It is also possible to use the mate-
rial in different forms and shapes in our setup. Different
shape offers different contact area which results in dif-
ferent heat exchange with heat exchange media. It also
leads to different pressure drop of the exchange media.

Measurements of these properties are very important
for practical devices. We can modify speed of magnetiza-
tion and demagnetization process which can give inter-
esting information about influence of eddy current on the
refrigerator efficiency. It is possible operate this device
as AMR, where different parts of working material un-
dergo cooling cycle at different temperatures, or simply
make all working material operate at one temperature by
adjusting an amount of the heat exchange media trans-
ported during one cooling cycle. Most importantly we
are able to change all parameters independently which
brings the possibility to investigate also completely dif-
ferent thermodynamic cycles e.g. Ericsson-like cycle or
Brayton-like cycle. Number of thermocouples was used
to record temperatures during the operation of the refrig-
erator. We recorded also temperature of the surrounding.
All data were collected by Agilent 34970A measurement
station in time step of less than 1 s.

The refrigerator consists of three heat exchangers (two
hot and one cold), two cavities for working magne-
tocaloric material with volume of about 6 cm?, a pis-
ton for transportation of heat exchange media and three
programmable electric motors. Sketch of the machine is
plotted in Fig. 1.

2.1. Heat exchangers

Hot exchangers (HEX) are made of thin tubes enclosed
in metallic outer jacket with plugs for connecting the ex-
changer to thermostat. Heat exchange media go through
the tubes when the outer jacket can be kept at stable tem-
perature. In the case of measurements described below
we left the thermostat unplugged and the hot exchangers
were cooled only by surrounding air.
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Fig. 1. Sketch of the machine built at CTU. Q¢ is heat

load, Qu is heat emitted to surrounding, M represents
electric motors, P is electric input, HEX are hot heat
exchangers, CEX is cold heat exchanger and MR are
magnetic regenerators.

Cold exchanger (CEX) was built from polypropylene
tube isolated with commercial pipe insulation. Thermo-
couples were installed in heat exchanger to measure tem-
perature of CEX (Tc¢eq) during operation. The copper
heater was inserted into cold exchanger for fluent change
of heat load. This measurement shows very important
dependence of the temperature span on the used heat
load. When the heater is disconnected the heat load is
given by heat absorbed by CEX from the surrounding.

2.2. Magnetic regenerator

Two rectangular shape cavities with volume of 6 ¢cm?
can be filled with magnetocaloric material. We used Gd
in form of thin foils with size of 0.15 x 10 x 60 mm?3.
A benefit of the foils is easy flow of the heat exchange
media. Different result can be obtained with different ori-
entations of the foil to the magnetic field [24] due to the
demagnetization effects. Regenerators are placed sym-
metrically on each side of cold exchanger and closed by
hot exchanger from the other side. The amount of 35 g
of Gd metal is used in total. We measured temperature
of both hot (Ty) and cold (7¢) side of the regenerator by
thermocouples.

2.3. Magnets

Nd-Fe-B permanent magnets with iron yoke were
used. The construction of each of them is little differ-
ent (see Fig. 2). Maximal magnetic field is 0.95 T and
1.05 T, respectively. The useful field change is about
0.85 T due to the stray field when magnets are far from
regenerators. Spatial dependence of magnetic field was
also calculated by software ANSYS Maxwell.
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Fig. 2.
ator at CTU: (a) 3D model, (b) picture of mounted
magnets.

Permanent magnet assembly used in refriger-

2.4. Motors and assembly

Three programmable electric step motors ATAS
G66UF308 drive magnets and piston. The parameters of
the movement can be controlled and synchronized. All
three motors are equipped by gearbox with ratio of 1:30.
We can change acceleration and deceleration, velocity,
angle of a turn, waiting time, and momentum. We can
control amount and velocity of heat exchange media as
well as time when the media is transported through the
regenerators with respect to the magnet movement by
changing the above parameters. The 3D view of the ma-
chine is given in Fig. 3.

Fig. 3.

3D view of the machine built at CTU.

3. Tests results and discussion

Ethanol was used as heat exchange media and Gd
(35 g) was used as a working material during the first
measurements. Parameters changed in subsequent exper-
iments were velocity of the magnet and piston movement
(from 3 to 20 rpm) and lift of the piston — amount of
heat exchange media (6 and 0.6 cm?).

Time behaviour of temperature 7¢ is plotted in Fig. 4.
These data were recorded at velocity of 9 rpm and lift
of the piston corresponding to 6 cm3. At first an in-
crease of temperature can be seen due to a transfer of
heat from ethanol to Gd bar which is moving to the CEX.
Increase of Gd temperature continues as it is magnetized
and shows magnetocaloric effect. Temperature decreases

when ethanol moves to HEX and again decreases fur-
ther due to magnetocaloric effect during demagnetiza-
tion of Gd. Average temperature change of Gd caused by
MCE is 1 K which is little bit less than values expected
from literature for field change of 0.8 T and temperature
around 292 K [25]. The reported values of adiabatic tem-
perature change for Gd for field span of 0.85 T is about
2.7 K [25]. This difference is mainly a result of non-
-adiabatic measurement in our case and some difference
can be caused by different grade of Gd.
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Fig. 4. Representative figure of time dependence of T¢
during a cycle in stable state. Red lines mark different
part of cooling cycle (ethanol flow in direction to CEX,
magnetization of working material, ethanol flow in di-
rection to HEX and magnetization of working material).

The time dependence of temperature Ty and Tc was
recorded for all measurements. We plot this dependence
as a floating average of Ty and T¢ together with temper-
ature of CEX T¢o)q in Fig. 5. Shown data were recorded
for 12 rpm and lift of the piston corresponding to 0.6 cm?.
The maximum temperature span is 2.7 K and time from
start to stability is approximately 400 s. HEX were
cooled only by surrounding air during the measurement.
Results for all measured settings are given in Table.

TABLE

Results obtained for different settings of velocity and lift
of the piston. Time to stability is time from start of the
refrigerator to stable temperature span.

Velocity Lift Tspan Ty Tc Frequency Time to
[rpm] [cm?] K] K] K] [Hz] stability [s]
3 6 1.1 18.8 | 17.7 0.05 150
6 6 1.5 18.8 | 17.3 0.10 185
9 [§ 1.5 18.9 | 17.4 0.14 150
20 6 1.2 18.2 17 0.28 45
6 0.6 2.6 19.4 | 16.8 0.56 200
12 0.6 3.1 20 16.9 0.83 300
20 0.6 2.6 19.6 17 1.11 200

Measured data confirmed dependence of the Ty both
on the velocity as well as on lift of the piston. Velocity
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Fig. 5. Data recorded during the operation of the re-
frigerator with velocity of 12 rpm and lift of the piston
corresponding to 0.6 cm?.

dependence is determined mainly by transfer of the heat
from working material to the heat exchange media e.g.
thermal diffusivity of the system «. Temperature relax-
ation of the Gd foils during one demagnetization process
can be described by simple model

T(t) = To + AT exp(—at), (1)
where t is time, Ty is a starting temperature and AT
is temperature change of the Gd. Thermal diffusivity is
dependent on the heat capacity of Gd as well as of heat
exchange media and also on amount of the heat exchange
media in contact with the Gd which is the reason of the
velocity dependence of measured quantities. Tempera-
ture span was significantly enhanced by a change of lift
of the piston which corresponds to a transport of different
amount of heat exchange media.

Magnetic regenerators behave as AMR when the lift
is decreased. The change from 6 cm? to 0.6 cm? leads
to 50% increase of Typan. The decrease of the lift of the
piston also reduces time needed for heat exchange me-
dia transport and this makes possible to reach higher
operating frequencies. From temperature relaxation and
known properties of the cold heat exchanger we roughly
estimated thermal losses. The value of a was obtained
by fitting the relaxation with Eq. (1). We approximated
the CEX by 6 cm? of ethanol. The amount of heat ab-
sorbed by CEX in one second was then calculated and
the thermal losses were estimated to be 10 W for 2 K
difference between surrounding and CEX.

4. Conclusions

We presented design of testing magnetic refrigerator
built at CTU. The reciprocating system based on per-
manent magnets presents quick way how to change oper-
ating parameters and also working material can be easily
replaced. Experimental values of magnetic field of assem-
bled magnets were completed by numerical calculation in

ANSYS Maxwell. Numerical calculation of heat transfer
in magnetic regenerators was performed in ANSYS Flu-
ent R13 and ANSYS Structural. We can conclude that
the machine can be operated around room temperature
and used for measurement purposes. The maximal tem-
perature span was measured to be 3.1 K and the esti-
mated cooling power is 10 W for operating frequency of
0.83 Hz and 0.6 ¢cm?® of ethanol transferred during one
cycle. These results are low for practical use however for
35 g of commercial grade Gd as a working material and
magnetic field of about 0.85 T are rather satisfying. The
first basic measurement was performed and recorded to
check the suitability of the measurement setup. Further
experiments can be performed to study different aspect
of the refrigerator. The presented work demonstrated
the functionality and high variability of the machine and
foreshadowed a large variety of future experiments.
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