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An increasing number of applications regquire refrigeration at low
temperatures ranging Sroa production of liguid tieliun for medical imaging
systems to cooling of infrarved sensors on survelilance satellites. Cooling
below about 15 K with regenarative refrigerators is difficult becouse of the
decreasing thermal mass of the regensrator compered to that of the woriking
rmaterial. In order to overcaxe this difffculty with heliun gas as the working -
material, a heat exchanger plus @ Joule-Thomson or other expander is used.
Regencrative magnetic refrigerators with sagretic solids as the working
material have the same regenerator problenm 3s gas refrigerators. This problem
provides motivation for the develcpment of non-regencrative magnetic
refrigerators thzt spa2n ~§ K to ~20 K. Several leboratories around the
world have dagnetic-refrigeration progrems underway; some are siorking on
4 - 20 K refrigerators. In the develepmant efforts, pacticular emphasis has
been placed on high relfability and high efficiency. Detailed calculations
indicate considerable promise in this area, but several kev problems have been
identified in each of several possible devices. The principles, the potential,
the problems, and the progress towards development of successful! 4 - 26 &
magnetic refrigeraters are discussed.

Key words: Carnot cycle; low temperature; magnetic; non-regenerative;
. refrigerator; review.

I. IRTRODUCTICH

Kagnetic resonance tomcgraphy and magnztic-field-gradient ore separation are two examples of
developing cosmercial applications of sunerconducting magnets.{1,2] Hany other poteatial users
for superconducting magnet systeis exist.{3] 411 of the superconducting magnat systems wilj
require liguid helium or cloused-cycle refrigeration near 4 K. Long wavelength infrared (LHIR)
sensors need to be cooled to @ ~ 10 K to obtain an adequate sﬂgnal—to—noi 2 ratio for high
sensititivity.[4]. S=3l11 helium ligueflers and some LWIR systems require epproximately 1 t of
cooling power. At this size, the efficiency of cenventicnal rvefrigeration systems is typically a
few percent of Carnot efficiency for heat rejection near roon temprature.{5] fean pericds between
failures or najcr maintenance are several thousan4 hours.

) Regenerative gas refrigeraters typically cease operation near 15 K beccuse of gecreasing

thermal mass of the regenerator material. Hence both regensrative and recuperative gas
refrigeraters have a recuperative low-temperature stace plus an expander, such as a Joule-Thomson
(J-T) device.[6] The efficlency of the bottom hezt exchanger and J-T expander operating from
15 - 20 K down to ~4 K 1s 50-6C% of Carnot if carefully desiqned {71 The J-T ]o«p suffers from
poor reliability and requires a high-pressure compresser for operatien.

If a simple, non-regenerative, nen-recuperative 20 - 4 X refrigerator with high reliebflity
and high efficiency (greater than 60% of Carnot) could be developed, 1t would offer significant
improvements to existing refrigerstor systems by eiininating the J-T Joop and its assectated.
problems. Refrigerators based on the magnétocaloric effect that execute a magnetic Carnst cycle
between ~15 ~ 20 K and ~4 K can potentially satisfy these requivements. TYhils coficeptual
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revicw papor i1l try to 11lustrate the development. of magnetic refrigerators for the 29 - & &
temporature region. The reference Tist fs not complete but is representative.

TI. PRINCIPLES
A. Haterials '

A1l refrigeratis. processes require an entropy change to abserd heat froo a cold thersal
source and deliver it to a higher temperasture sink. Thereforz, the entropy-temperature (S-T)
diagrasms for the working magnatic materials are essential to understanding the operation of
magnetic refrigerators. In the 4 - 20 K reglon several types of agnetic materials can be used;
- the most obvigus ones are paramagnets. - There are many criteria for salecticn of suitable
refrigerants including lcw lattice specific heat and a large magnetic moment. A survey of .
existing and potential psramsgnettc materials has been pudblished. [8] This and other work
{8.10,11,12] have shoun that gadolivnium gallium garnet (GSG) 1s an excellent tnftial cholce for
4~ 20 K magnetic refrigerator design. Flgure 1 shows the 5-T curves for GGG as a function of
aplied rmagnetic fleld.
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Figure 1: The entropy of gadolintum gallium garnef as & function of temperéture and magnetic

field.

It 1s also possible to consider conposites of paramsgnets such as b,¥04-656 as suggested
by the Grenoble grous.[13] Phystcal mixing of materials alicws some froedem in shaping the
_entrosy-temperature diagrams which, in turn, allows cycles other than the Larnot cycle to he
_considered. Figure 2, taken from reference 13, shows the S-T curves for a 50~50% compoasition of
the materials. As wil) be explained {n the next section, his composite wouid be unsuitable for a
magnetic Carnot cycie but §s well suited (o & magnetic Ericsson cycle, as was suggested in
reference 13. The entrepy change at 20 K in the compasite is comparable tc that in GEG alome, but:
the pzrallel nature of the S-T curves is essential for effective regeneration 1f a guod N
regenerator material s used.

Finally, ferromagnetic materials can also be considered as working materiais in this
temperature range. An example is EuS whose calculated S-T curves [i4] are shown in Fig. 3. Other
ferromagnets such as &dBh {15] could be used although rhodium s extremely expensive. &dRh has a
Curfe temperaturs near 20 K but lower Curie temperature materials are svailable. For example, the
Erkh-GdRh series hos Curie temperatures ranging from ~6 K to ~20 K.[16] N

B. Cycles

The oniy,non~regenerat1ve. non-recuperative cycle that exists for use in the 4-20 K range is
the magnetic Carnot cycle. This consists of two Isothermal stages end two adiebatic stages whide
ragnetizing or or defmagnetizing. Characteristics of this cvcle are that the magnetic field is
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continously changing and excellent heat transfer is required during the isotheraal parts of the
cycle. Because the lattice entropy of nRany paramagnets becomes ccmparable to the field-induced
entropy change near 20 K, the upper operaticnal 1imit of the Carnot cycle {s near 20 K,’ depending
upon the magnetic field strength and the magnitude of the lattice entropy.
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- Flgure 2: The entropy af 504 gadonrium ganiun garnet and 50% Dyprosim Yanadate as a functmn
of temperature and macnetic field.

Other cycles besides the Carnot cycle have possibilities if regemoration or recuperation can
be effectively added. Thz magnetic Stirling cycle (two {scmagnetizating stages and two
isothermals); magnetic Ericsson cycle (two isoffeld stages and tws {sothermais) znd the magnetic
Brayton cycle (two iscfieid stages and two tsentropes are 31l possibie in the 6-20 X range. These
cycles are {llustrated in Fig. 4 using the entropy temderature diagram of a paramagnetic
material. Each cycle has different field-temperature changes required at different parts of the
cycle. These requirements wiil be reflected in the designs of actual refrigsrators. The magnetic
Stirling cycle using a paramagnet such as GGG s probably a good chofce because the amount of
_regoneration is minimal, as is showm in Fig. 4.
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Figure 3: The calculated entropy of europivn sulfide as a function of temperature and
magnetic field.

Figure 4 2lso shows that the Brayton and Ericssen eycles are not feasible with a single
paramagnetic material because the regenerative heat Flows will be completely unbalanced.
Com.osites or ferroragnets ui]l be required for successful ifmplemantation of tihese cycles.

The entrepy changes 1n the various cycles can be obtained from
H
_(8)er + ) @B . (§))
ds (r) (ar)e

Knowledge of Cg and. M as a function of B and T allows calculation of the heat and work flows
during the idealized cycles. Resl cycles, of course, are polytropic and require detailed.
knowledge of many additional sources of irreversidle entropy and heat cepacities of thsrmal
addenda in order to be correctly modelled.

III. Potential
A. Designs

A series of ~2 - 4 K ragnetic refrigerators have already been built and tosted with verying
degrees of success.[17,18,19,10] The Grencble group has reported efficiencies as high as 79% of
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Carnot {17] for a 2 - 4K reciprocating design using GGG. In the 4 - 20 K range there §s a large
vartety of magnetic refrigerator design possibilities. Table I presents an.attempt at

classification of the pessidbilities and includes location of groups sorking on devices of the
varfous types.
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, $1guro 4: The magnetic cyc]es 111ustrated on the entropy—temgerature diagrer of a paramagnetic
S material .

Table I. Possible 4 - 20 K Ragnetic Refrigefator Designs

Ran-Regenerative

Hon-Recuperative Regenerative ‘Recuperative Hybrid
Rotational ALANL, #*%HAC Grenoble
Recinrocating| *<%J.P.L., Tokyo LANL ’ (LanL)
Other wE*ATokyo RIT (HIT)

SLARL ~ Los Alamos
weHAC ~ Hughes Aircraft Co.
awwg p.L. - Jet Propulsion Laberatory

unewYokye ~ Japanese groups at Tokyo Institute of Technology, Hatachi-ilesearch Laberatories, and
other interacting leboratories.
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The majority of devices underdevelopment appear to be non-regenerative non-recuperative. Both
ratating and reciprocating designs have been chosen. The detatls on most of these devices ave not. .
fuily known because the various groups have not yet published reports. There are pres and cons to
each design. Some of these design choices wiil become apparent in the discussion of the problems
in the next major section.

B. Second-law analysis{21]}

The efficiency of a refrigerator executing a thermodynamic cycle between hot and cold
temperature, Ty and T¢, respectively, can be written as -

¥roraL

where Qc is the reversibie cooling power and Wtota\ is net work flcw into the refrigerator.

This total work rate includes the pump power, magnet supply power, etc., in addition to the work
rate from the refr&gera;or itself. The refrigerator work rate can be calculated from the Second
Law according to .

.. L1 :
W= g, -1+ TH fu (~ N)zn + Tﬁﬁj (T - —f~)ar + Ty f“smn T
: far

where u1 is .the power added externalry that the refr1geratar must remove, e. g . friction, 'J

{s the power introduced through heat conduction from the surroundings; and as; is the rate

of irreversible entropy production from different mechanisms. Once a specific design is chosen, @
detailed analysis of the device can be done and a projected efficiency obtained. For example, in
a Caernot-cycle retational device designed at Los Alamos, the work rates frem each mechanisn were
calculated and are presented in Table II.

Assuming good hest exchangers, pump efficliencies of 50%, and drive motor efficiency of
803, the overall projected efficliency for the wheel device was 65% when rotating at 0.2 Hz through
& 6-T field to pump 0.67 ¥ frem 4.3 K to 15 K. This is an exceilent efficiency but only sl!ghtly
greater than a very well designed J-T loop. . However, the low rotational frequency sudgests it nay
have a long lifetime and good reliabiiity. . ;

Tabie II. wDR%‘RATES FROM VARIOUS MECHANISHS. FOR A CARNOT-CYCLE
o : HHEEL REFRIGERATOR

Item W (watts)
"W . reversible ' 1.64
Q“ cosduction 0.046
: HH heat transfer 0.012
¥y pressure drop 0.011
LR conduction . 0.016
“c heat transfer c.012 .
Hc pressyre drop 0.0001
H 4-15 K conduction 0.18
w friction 0.10
W parasitic heat leak 0.10
QH heat exchanger ’ 0.060
Hc “1eat exchanger 0:060
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IV. Problems

A. Isothermal Stages

The importance of the need for "fsothermal® stages in efficient Jou-temperature cycles was
realized by Jacob [22] some years ago for a Brayton cycle. The isothermal stages arc essenmtial
for all efficient low temperature cycles for the following reasons. In order fo transfer heat to
and from magnetic material te a single-phase heat-transfer gas, a temperature difference between
the cold magnetic material and the gas (&T.) ang hot magnetic material and gas (aTy) must
exist. The direct effect of AT, and AT, on efficliency can be calculated from Egs (2) and
(3) by integrating frem T, - 8T¢ to T. av the cold stage and Ty te T + ATy at the -
hot stage. The total expression is complux, but for only the reversible cooling power component
to the efficiency. we obtain

S

Ty - T

T, 1n( Te .)AT
T -8 ) . @

In (TH ‘+ ATH) T
Ty

For exanp]e between 4 and 20 K, if 8T. ~ 0.3 K and 4Ty ~ 1 K, the efficfency drops

-~ from 100% (reversible) to 62.5% rrom this effect alene. This clearly indicates that magnetic
" Brayton cycles in the 4-20 K range will be less efficient than the other cycles.

While this effect is probably obvious, 1t is important to remember for operation at very low
temperatures

B. Addenda

The major effect of additional thermal mass from various sources is to reduce the cooling
pcwer of a magnetic refrigerater. This is particularly important in non-regenerative designs
using the magnetic Carnot cycle because many of the addenda items have temperature-dependéent
thermal masses that tend to contribute more entropy near 20 K than nzar 4 K. There are several
ways to account for the effocts of addenda on the refrigerator, but the total entropyv approach is
one of the more useful ways. In this appreach, the entropy of each item in the refrigerator and
that of the magnetic materials are totaled The change in total entropy caused by the magnetic
field is easily obtainad. ’ .

Somé of the addenda items common to many 4 -20 K designs are containers, forms, supports, etc.
which must be present (o support or contain the paramagnetic material. Because excellent heat
transfer between the working material and heat-transfer gas is reguired, a porous
magnetic-material of some geometry along with convected helium gas are used. The porasity of the
material can lead to entrained helium gas, which causes an internal thermal load and gas movement
- during the cycle. The housing arcund the moving working material dessn't contribute to the
addenda once thermal equilibrium is attained, but thermal conduction from hot to cold sections
adds a thermal load equivalent to thermal addenda. Figure 5 shows the relative magnitudes of the
entropy of the addenda for a particular design. These effects are @ severe problem ip
non-regenerative designs. . .
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Figure 5: The tetal entropy of a particular design that shows the effects of »arious contributions
of thermal addenda.
C. B.P_"’_.c_‘lﬂﬂ.ﬂ :
, : : and

In any 4 -20 F refrigerator that uses convective heat transfer between heiium gas~the magnetic
solid, there will be a flow-control problem.  The probiem is caused in part by the temperature
d1ffere1ces in the refrigerator and in part by the motion of the working materizl. In a rotating
design, elther crossfiow or counterficw das motion in sections of the whesl is possible and heat
transfer occurs continously. The hot and cold section must be separated by some sealing )
mechanism,. such as clearance or labyrinth seals. Rubbing seals of vartous designs ara possibie,-.
but careful attentton must be paid to clogging due to small particles from abrasion. Because of
the close tolerances in highly effective porous beds, performance could degrade rapidly with

clogging. . Fricticn must also be kept to a minimum, especially when 1% occurs at the cold part of

the refrigerator.

Reciprocating designs need flow during the motion of tho pisten of working material in order
to achieve an isothermal stage in a cycle. Clever designs are nesded to establish fiow through
the piston in some fashiocn and at the same time have isolated hot and co]d sections in the’

refrigerator cylinder.

Pumps are essential to flow control.
cooling power in order to attain high efficiency.

The pumping power must be fatrly small compared to the
gEfficient, reliable, long-lifetime pumps
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operating at low temperatures sre a real problem area. Y small pressure differences and modest
vo]ure flow rates are different requirements from most 3 ‘vious low-temperature pump work [23]

0. External Heat Exchangers

High performance heat exchangers are very important for high efficiency because the
temperature differences allowed on each end of the refriaera;o' mist be relatively small accord1ng
to £3. 6. The heat exchanger heat-transfer 1rrevers1b111ty for single-cotl heat exchangérs in a
pot cf]boiling or condensing cryogen, such as liquid hydrogen or helium, can be shoun to be given
by {28

W
ﬁlQR in - 'o ey To * (Tin - To)'e-ut“
-.—".— = ——-T—'—' (T-e )4- In . " (5)
W“p o Tin

where SIRR is the entropy generation rate, Cp is the fluid thermal mass flow rate, Ty, is
the gas inlet temperature, Ty is the cryogen bath tempersture, snd Nyy s the number of heat
transfer units charscterizing the heat exchanger. For Mgy greater than about 10, Eq. (5)
reduces to

far\ 2
1o, far
Siap T L M . (6)
e 2 p(TO)

where AT is defined by an = Ty + BT Equation (6) clearly shows that a small &T is
important for efficient heat erc\unqsrs if the H¢y ¥s reasonably high. Exchangers with
Ney > 10 are readi]y achieveable.[25] .

E. Magnetic Fleld

1. Forces

The forces between the megnetic material and the magnet can be substantial iF high fields and
large volumes of material are combined. For example, in a sigple axlal case where dB/dz might be
10 T/m, 100 end of saturated GGG in a cylindrical pisten will experience a force of ~546D B
(‘200 1bsg).Clearly, forces of this magnitude must be carefully censidered in any design.
Peciprocatirg dovices have the ‘possibitity of partiaily cancelline the forces by using two
opposing pistons, but these designs must have supports for the large compressive stress betusen
mzanetic pistons. Rotating devites have natural cancellation of forces but have & large load on
the drive shaft bearing because the entire wheel is attracted into the magnet.

2. Proftie

geciprocating devices use solenoidal magnets which are rather stralght forward but do require
somz field shaping depending upor the desired cycle. Ron-regenerative Carnot cycles equire
approximately Tinear field profiles which are readily approximated. Rotating devices allow
several possible ways for production of the magnetic field such, as Helmholtz palrs, racctrack
coils, and solenoids or bent solenoids. The first two aliow axial drive while the latier reguires
rim drive. The difficulty in all these cases in that the ratio of fleld at the magnetic material
to the fleld in the magnet windings is large, §.e., 1: 1,2-1.4. This restricts the raxiumum
field easily obtainable at the magnetic material when the colls are wound with HDTI
supercenducting wire.[26] If Hb3Sn is used to wind the mugnets, higher fields are possible but
only at higher costs. .
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V. PROGRESS

There are several magnetic-refrigeration develapment projects around the world. The commants here
are restricted to those with immediate interests in ~§ to ~20 K prototypes.

A.  Hughes Alrcraft Corporation

As indficated in Table I, HAC has started a magnetic refrigerator development program on -
Tow-temperature devices for applications as spacecraft coolers.[27]

B. Jet Propulision Laboratery

The deep-space communications network uses a series of antennaes with cooied maser
amplifiers. The present Gifford-KcHahen plus J-T loop coolers have worked for many years, but’
there is a desire to see if the J-T loop could be replaced by 2 magnetic stage that would increase
efficiency and improve reliability. A report on this project is included in another session of
this conference.[28]

C. Ha§sachusetts Institute of Technology

This is a fairly new program uorking on a magnetic redgenerative concept and on hybrid
gas-magnetic devices.[29]

D. Grenoble Grou

Following the ocutstanding success of their 2-4 K reciprocating magnetic refrigerator, the
French group have started work on a 4-20 K rovational magnetic refrigerator.{30]

€. Tokyo Group

The Japanese group represents several industrial research laboratories in collaboration with
Professor Hashimoto's group in the Department of Applied Physics at Tokoyo Insititute of
Technology. Their general interest is in low-temperature refrigerators for cryogen liguefaction.
They have reported several results on their use of GG6 to liquefy helium [31] with a
charge/discharge magnet cycle. Wz understand that they are now modifying their apparatus to
‘operate in a reciprocating mode hetween ~4 and 20 K.

F. Los_Alamps Kational Laboratory

The 4-20 K rotational refrigerator under developrznt at Les Alamos is part of a broad magnetic
refrigeration program. The objectives include basic research to providz a data base for design
and prototype development to preve the potential of this technology by corstructing a2nd testing
- working devices. The 4-20-K device is described below in more detail.

1. Oescription. The rotationa1 concept has several desirable features, such as balanced
magnetic forces and continuous refrigeration. The Carnot cycle is also the easiest of the cycles
to execute, although the entrained fluid problem must be carefully handled. A magnetic wheel
designed to execute a Carnot cycle is shown in Fig, 6. The GGG used in this design s contained
in small rectanguilar compartments on the rim of the wheel. The GGG is in the form of
approximately spherical chunks. The wheel is made from stainless steel, ane stainless steel
screen is used to enclose the inside and outside of each compartment.

The wheel rotates inside a stationary housing that has two duct regions such that halium gas
can pass radially through the G6G. The ducts are located at positions where the GGG reaches 20 K
as it is magnetized and where the GGG reaches > 4.2 K as it is demagnetized. The external heat
exchangers are connected to the ducts and form part of a hermetic system arcund the wheel that
contains the helium gas. Two pumps circulate the helium gas through the wieel and external heat
exchangers. The wheel can be driven inside the housing by a.magnetic counling to avoid any coid
seals to a rotating shaft. The fabrication talerances on the wheel and the housing nced to be
very close, so that clearance seals are formed between the moving wheel and the fixed housing.
Because the entire housing contains helium gas, there should be very little nmverowt of helium
past these clearance seals. ..
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F1guré 6: A schemztic diagram of a Carnot-cyc\e whee1~type magnetic refrigerator for operation
between 4. 5 and 20 K .

The magnet consists of a pair-of scienoids wound on iron cores and supported by an iron voke
for flux return._ The resultant c-shaped magnet is designed for a maximum fileld of ~ 6T in the
gap of 2 cm. The leads cen be removable so that after the magnet is charged and put in persistent
rode, the power supply can bs turned down and the leads removed. The fagnzt §s kept at ~ 4.2 K
by 1iguid helfum in the dewar surrcunding the magnet. Because the whele magnetic refrigerator
operates in a vacuum chamber, the 1iquid heliun deuar need only be single-walled and have no
superinsulation direct]y on 1t.

2. Resu1ts

The megnet works well in persistent-mode and produces 6T in the gap where wheel is lecated.
The flow of helium through the wheel is about as expected with respect to the pressure drops, but
there 15 significantly more leakage from duct to duct than expected. There s schstantial loading
on the central shaft bushing and early versions of the wheel jammed when the field was fincreased
from zero. As an example of the performance, Fig. 7 shows an early curve of the ccoling power as
a function of temperature span.
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Figure 7: The cooling power as a fuaction of average temperature span for the Carnot-cycle
rotational refrigerator.

So.far the results indicete that gas movement is the deminant preblem, 3s might have been
expected. The efficiency of the overall refrigarator, facluding drive motor, gear reducers,
friction, etc., is low, typically 1% of Carnct but the efficiency of the refrigerator exciuding
these contributions is ~20% of Carnot. Obvicusly much more work needs to be dome to achieve the
desian goals but these early results are very eacouraging, énd we expect they are the beginning of
8 series of successful devices froa the several existing progreass.
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