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Methods of adiabatic demagnetization were limited
until very recently to one-shot cpzrations or to

power levels below 1 mWt. This paper describes the
results of a reciprocating magnetic refrigerator

operating between 1.8 K and 4.2 kK, with a useful

power greater than 1 watt.

In this type of machine there are various problems
associated with heat transfer betwesn magnetic
substance and heat sources and inside the substance
itself. The refrigerator described here overcomes
some of these problems and achieves good efficiency.

EXPERIMENTAL DEVICE

The machine we used has already teen described elsewhere (1). Its main
part is a bar comprising two singlie crystzls of gadolinium gallium
garnet Gd Ga501 or G.G.G. (Fig. 1). The bar is moved vertically with
an hydraufic Jjack controlled by a function generator. Both magnetic
elements are moved periodically and subjected to a cycle consisting of
magnetization up to a magnetic induction B at 4.2 K, and subseguent
demagnetization down to O Tesla at 1.8 K. Inside the central He II
bath, there are an electrical heater and an auxiliary liquid helium
refrigerator which allow us to determine the useful power a2t 1.8 K

and the different losses as function of the frequency ; we can also
determine the heat released to the warm source at 4.2 K by measuring

- the liquid helium consumption., The drive system can be used to impart
well defined movements to the bar. A high speed movement insuring
quasi adiabatic process is followed by a low speed movement wh::h
allows good heat transfer. So the cycle performed in principle by the
G.G.G, would be a carnot cycle (two isotropics and two isotherms).

HEAT TRANSFER AT THE HEAT SOURCES

The thermal conductivity of G.G.G. is very large, about 0.3 WCm_1K°1
at 1.8 K (2) and the temperature homogeneity is always good inside
the block of G.G.G. (2.4 cm in diameter) for all the frequencies
‘involved. The thermal power absorbed by the magnetic elements from
the cold source remains proportional to the frequency until the limi-
tations coming from heat transfer at the sources are reached.

At the cold source heat transfer is limited by the Kapitza resis-
tance. If we take for heat transfer the value computed with the theo~
retical phonon radiation 1imit, that is to say, a thermal power
proportional to the 4 th power of the temperature, the maximum coo-

ling power would be about 2 watts at 1.8 K with our two magnetic ele-
ments.




£t the warm source the limitaticon conmes rmainly

f{ror tre transition
between nucleate and film bYoiling cenvection. Trne criticzl nucleate
boiling flux is reached when the magnetic element it near 5.2 K ; in
this condition the magnetic element would transfer » rozimum thermal
power of 30 watts to the warm source. This ig rezlised when the tempe-
rature of G.G.G., at the end of th: mzgnetization with hi
4.2

movement, i.e. when the element enterc the bath =zt , 1s at =a
temperature slightly lower than £.¢ . In this case any power limi-
tation of the refrigerator would com: only from heat transfer at the
cold source. On the contrary, if the iemperature of G.G.G. is greater
than 5.2 K, heat is transferred with film boiling convection ; the
maximum thermal power decreases sharply from 30 watts to about 3
watts. In this condition the limitation would come mainly from the
warm source.

YO n

REAL CYCLE

The magnetic induction is produced by two main coils facing each other
and two small compensating coils also facing each other. The magnetic
induction profile is such that the whole bath at 1.8 K is in zero
field (Fig. 2a). At the end of the high speed movement during the
demagnetization process, the paramagnetic element is therefore in a
zero field region. Then, in the lower temperature part of the cycle,
the G.G.G. is thus subjected to an isofield increase of temperature.

Fig. 3 is an entropy diagram for G.G.G. for various magnetic fields.
On it are superposed a Carnot cycle ABCD and four refrigeration cycles
a, b, ¢, d. The four refrigeration cycles are computed for two maximum
magnetic inductions and two freguencies. Thzs. computations take into
account heat transfer in all parts of the cycle.

Before discussing the various refrigeration processes, it is desirable
to have a method of comparing a real refrigerator with the ideal
refrigerator. The cost of the work necessary to perform the cycle
being negligeable compared to the cost of the refrigeration near 4 K,
we can define a coefficient of performance : C.0.P. = Qc/Qw where Qc
is heat absorbed from the cold source at Tc, and Qw s heat reieased
to the warm source at Tw, For the ideal refrigerator or Carnot refri-
gerator, Qci/Qwi = T¢/Tw, and C.0.P.4 = 42.6 %. For a refrigerator
using a special cycle "o" the C.0.P.o is equal to Qco,Qwo Qco and Qwo
being the thermal power exchanged with the two sources. If now, we
take a real refrigerator, the useful power Qu is the electrical power
released to the cold source. In the same way Qwr is the thermal power
computed from liquid helium consumption and we have C.0.P.r = Qu/Qwr.

The figure of merit F.0.M., is still another means of comparing the
performance of practical refrigerator, and is defined as :

FOM = COP/COPi = COP/0.426
we will have FOMo for the . pecial cycle, FOMr 1'or the real one.

High value of the maximum magnetic field

At high frequencies, heat transfer at the warm source is poor because
of film boiling. So, as for the cold source, G.G.G, is rather su.jec-~
ted to an isofield heat transfer at the warm source, than to an iso-
thermal one, the cycle is closer to the magnetic equivalent of the
Joule cycle (two adiabatics, two isofields) than to Carnot cycle,




Low value of the maximum magneti. fisli

For magnetic field levels lower than a critical value, we have zlwayvs
nucleate boiling heat transfer zt the wernm scurce. At low frequencies

there is no heat transfer limitation and G.G.G. can reach 1.& K at

the end of demagnetization in cold source anc 4.2 X at the end of
magnetization in warm source. The power rem-ved from the cold source

is thus proportional to the frequerncy. for nicgh frequencies at the '
beginning of magnetization G.G.G. ic zlwzys at a temperzture lower

than 1.8 K ; hence on entering the bath zt 4.2 ¥, it is colder than A
that temperature. In the same way, a2t tne veginning of demagneti-

zation, in the warm source, *he temperature of G.G.G. is greater than

4.2 K. As & consequence the power is n¢ lcnger proportional to the
frequency. During nucleate boiling heat trensfer at the warm source,

the temperature difference between G.G.G. and liquid helium is more
constant than at low frequencies and the efficiency increases.

EXPERIMENTAL RESULTS

Fig. 4 compares the variation of useful power Qu as a function of fre-
quency for different values of maximum induction B with a cold bath

at 1.8 K ; on it are superposed the curves computed with the cycles

shown in Fig. 3. From experiments we have determined dynamic heat

losses Qd = 0.5 watt at 0.9 hertz and 2.5 Tesla and sta*ic losses Qs

= 0.3 watt. The useful power being 1.2 watt we have Qcc = Qu+Qs+Qd =

2 watts. This value is close to the maximum cooling power computed /
with a theoretical value of Kapitza resistance. Still for 0.9 hertz, ’
2.5 Tesla we have

COPr = 19 % FOMr = 45 % COPo = 27 % FOo = €4 %

In order to realise an engine operating in a Carnot cycle, it is
necessary to have a special magnetic field profile. For the cycle
"ABCD reported on Fig. 3, if we want to have the =ame induction in A
and C, that is to say, the same induction &ll along the bearing,
induction in B is determined when induction is fixed in D and vice
versa. For instance, if B, = 0 then B, and B, = 1.5 Tesla and B, =
2.5 Teslas. If we want to increase B. we cangot have B. at zero., We
have reported fig. 2 b and ¢ possiblé magnetic field profiles. As it
was easier to adapt profile b was chosen for a new machine which uses
the two main coils and the cryostat of the first machine.

CONCLUSION

The results obtained with our experimental reciprocating magnetic
refrigerator show that now it is possible to have high power refrige-
rator with good efficiency in particular for the production of super-
fluid heliun. Significant progress has been made in sev:iral technolo-
gical areas : in particular improved knowledge of the thermal pro-
blems present in magnetic refrigerators.
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