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THE EFFECT OF PARASITIC REFRIGERATION ON THE EFFICIENCY OF MAGNETIC LIQUEFIERS

J. A. Barclay and W. F. Stewart

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Our studies have shown that magnetic refriger-
ators have the potential to liquefy ciyogens very
efficiently. High efficiency is especially impor-
tant for liquid Fydrogen and liquid naturel gas
applications where tha liquefaction coats are a
signiticant fraction of the total liquid cost.
One of the characteristicn of magnetic refriger-
ators is the requirement for a high-field super-
conduzting magnet. Providing a 4.2-K hath for
this magnet will requirz a small &mount of para-
sitic refrigeration at 4.2 K even though the rest
of the liquefier may be at 110 K (liquid natural
gaa) or higher. For several diffevent refrig-
eration power levels at 4.2 K, we have calculated
the efficiancy of the magnetic liquefier as a
funczion of power, remperature and the 4.2-K
refrigerator efficiency. The results show that if
the ratio of the theimal load at 4.2 ¥ to the main
refrigeration power s 0.001 or luss, the effect
on the efficiency of the liquefier is nepligible
at all temperatures helow room temperature
provided the 4.2-K refrigeiator efficiency is high.

INTRODUCTION

Magnetic refrigerators exploit the temperature
and magnetic-firld dependonce of  he magnetic
entropy of a solid muterial to entract heat from a
low-temperature s ee and tranafer it to a higher
tempsrature aink. The tempsrature change vith
fleld is called the magneto-aloric offect. This
effect was discovered in paramagneta(1,?) and
ferromagnets{3,4) more than fifty yeara apo.
tntil a few yoears ago, the main use of the magneto-
caloric sffect was to provide sul: '-X temprratures
for condensed matter resea-ch. The advent of
higher snergy coata ann the avaliablity of high-
firld supsrvonducting magnets have led to efforta
to apply thin effect to refrigerat ion abhove
1 K(5-7) with the hope that cooling devices can be
developed having conaidarably girater ofliciancy
than prosent machiner,

Eniating refrigerators/liquefiots operating
on varioun pas cycles have a rather low nfficisacy
relative to Carnnt(A), which directly affscta the
coal of vryogena that are uasd today.  Liquid
hydrogen ant l{cuid natu-al gas (LNG) have partic -
ular importance an furla. Increassd liquetsction
efficiency could signiflicantly reduce the cast for
theae two fuslt and could produce laige savings
for other potent fal applications,
liquatior model sindiea(9) {ndicate that a

Recont magnet (v -

dramatic increase in efficiency might be possible
1f magnetic liquefiers could he made to span 4.2

to 300 K. The problems associated with realizing
this potential are under investigation at the Los
Alamos National Laboratory.

One of the major components of a magnetic
liquefier system is a high-field superconducting
magnet. The magnet, in turn, requires a super-
insulated dewar and liquid helium even though the
wain refrigeration load may be at some higher
temperature, e.g. 110 K for LNGC. Fortunately, the
magnetic work in the thermodynamic cycle is not
put into the refrigarator by charging the magnat.
Once the field is established the refrigerator
magnet can oporate in a persistent mode, and the
current leads to the magnet can he removed to
reduce the heat leak into the helium. The steady
magnetic fimld eliminates charging losses that are
caused by [lux jumping and reduces addy-current
losses to a negligihle level. The magnet requires
an initial liquid-helium transfer, but thereafter
the refrigeration requirement can he provided by a
small mapnetic-reflrigerator stage from the primary
cold temperature to .2 K. This wxtra paranitic
refrigeration power will decreane the efficlancy
of the primary-stage refrigerator.

The purpose ol this paper is to show the
calculated resultn of the decreane in overall
efficiency hecaune of the parasitic refrigeration
load.

METHOD OF CALCUALTION

The elficisncy N in thin problem ia deflined
a3 the rac{o of the raal coefficiant of perfor-
mance (COP) to the ideal COP. The officiency
equation han its banin in rewriting the aecond law
of tharmodynamics as an squality, rathesr than an
inequality, hy the addition of a term for tLhe
irteversibis entropy production.(10) The integral
form of thin equation in
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vhere Qc is the reversible cooling power; wj

is the rate of work dissipated in the refrigerator
at temperature T (for example, pumping power);

qj is the rate of heat leak into the refrig-
erator from external sources; A S ), are

the internal, irreversible entropy production
rates (for example, heat transfer across a
temperatura difference); and W is the rate of work
required to operate the refrigerator. The
calculations for the sfficiency from this equation
are model-dependent; and because no full-scale
magnetic liquefiers exist yet, we have chosen to
use the following simpler method to eatimate the
reduction in overall refrigerator efficiency. If
wa define COP (ideal) equal to §./W. and COP
{real) equal to Q./(W. + W), the efficiency

can be exprecved as

n e —r— (2)
W
i1+ —'L—
W
c

whare 6 is now the main refrigerator cooling
power, Sc is the work required to pump the main
liquefier thermal load to room temparature, and
QL is the work required to pump the 4.2 K
refrigaration load QL to room temperature. If

we take both the main and the parasitic refrig-
erators as ideal and the hot tempersture as 300 K,
Eq. (2) can be used to calculate the minimun
alfect of the parasitic refrigeration on oversll
efficiency. Various ration of 4.2-K load
refrigeration to primary load refrigeration can he
used to calculate the effect on overall sfficiency
as a function of temperature.

RESULTS AND DISCUSSION

The efficiency-va-power curves for a variaety
of hypothetical magnetic liquefiers are shown in
Fign. 1 and 2 for two different loads at 4.2 K.
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Fig. 2. Relative efficlency as a function of
cooling power at 110 K, 200 K, .nd 280 K fou
parasitic loads of 0.1 and 1 W.

As enpect(d, ths parsitic refrigeration has
virtually no rffect on the overall efficiency of a
refrigerator at any tomperature provided the
primary couling power in large. However, an
cuooling power decreanes the parasitic
refrigeration decrenaner the overall efficiency
with very large effects at higher temperatures or
amall capacities. Figure 1 shows the overall
efticiency an a function of temperature for
neveral ration of 4.7-K load to primary load.
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The reault» ahow that it ;h./(.)‘. in made amall,
either by gaod dewar design or by large cooling
pownr, the oifoct ol parasitic refiigeration ir
very amaill at 1 quid hvdrogen and LNG temperatures
avd rema e small to 1oom temperature.  As

m,/(‘),. increannn, the reduction in overall

ellicioney hecomen dyamat ic, particularly nea
room temperaturne,



In order relate these results to possible
magnetic lique! designs, it is necessary to
have an estimate QL and the size of a

magnet ¢ liquefier with capacity Qc. The
parasitic load consis s« of heat leaks caused by
radiation, conduction hrough supports, current
leads, charging losses instrumentation and
control wiring, conduction by drive rods, etc. If
radiation is the largest heat leak, the loss
should be a function of surface area; but if other
mechanisms, such as conduction through drive rods
and supports, are also heat leaks, the loss will
not be a function of surface area only. In
magaetic systems, the current density of the
magnet is also dependent on the size of the coil
as well as the field magnitude. An emprical
relationship of current density and stored energy
describes most of the existing magnet systems very
wel!., Because the magnetic-liquefier system has a
dewar with both radiation and conduction losses
and 3 superconducting magnet, the size of which
depends on the cooling power, we believe that the
best way to portray dewar heat leak for these
systems is as a function of stored energy in the
magnet. Some data available from the literature
are summarized in Table I and stiown in Fig. 4 as
circled points. As there are many variables in
the systems represented in Fig. &4, it is not
suprising that there is an order of magnitude
scatter in the data; however, a general trend is
obvious. In most of these superconducting
magnetic systems the dewar-refrigeration subsystem
is a minor part of the total heat input, whereas
in a magnetic liquefier the dewar/magnet will
contribute a major part of the total heat input.
Therefore, we helirve that a curve through the
lowest pointa on Fig. 4 will he an upper liait on
the parasitic refrigeration load., A minimum heat
leak can be eatablished by taking the best
high=performance dewar available and putting a
reasonable magnet in about hatf of the volume. By
using exinting data on high performance dewara
(e.g., 1%/day hoil-off from S00 L), we calculated
the three diamond=ahaped pointe oo Fig. 4, which

represent the lower limit of heat-leak rate into a
magnetic lique fier wystem.
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In order to relate the stored energy in a
magnet of a magnetic liquefier to thc cooling
power of the liquefier, it is necessary to look at
the energy density of the working material. For a
typical magnetic material like gadolinium, a 6-T
magnetic field will cause an energy change of
about 25 kJ/R of gadolinium. From previous
magnetic liquefier studies, a cycle frequency of
0.2 Hz appears reasonable, leading to 5 kWA of
gadolinium. If si-<c effects, such as porosity and
field profile, cause th2 magnet volume to be twice
the gadolinium volume, the cooling power is
further reduced to 2.5 kW/A or 2.5 MW/m3, A
6~T field over ! m3 stores about 14 MJ; ana from
Fig. 4 we obtain an absolute minimum bL of 15 W
and a nore probable heat leak of v 25 W. Thus,
ratios of Q1/Q. range from 6 x 10°% to
1 x 1073,

Finally, the effects of less than ideal CUP
for the 4.2-K refrigerator are shown in Fig. 5,
where overall efficiency is plotted as a function
of the 4.2-K load refrigerator efficiency for
three important temperatures. The additional
reduction in efficiency is apparent, but its
effects are not large bhecause the 4.2-K
refrigeration load is a small part of the overall
cooling power.
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SUMMARY

Thene calculatiops ahow that the pavasitic
refrigeration pute a lowsr limit on the practical
sire of magnetic liquefiers, with 1 W at .2 K
being one approximate limit and 1000 W at (RO K
hoing another approximate limit. he heat leaks
from vadiation and atriciural supporta mant be
carefully minimized to reduce the offoct on the
overall efficiency, particularly tor higher
liquelfaction temperatures or smaller capacitios,
At both liquid hydrogen and Liguid nacural gas
tomperatares, the parasitic refrigeration has very
lilglv elfoct for reasonable eatimates of
G,/ Q0

as a function ot the off lefoncy ot
the parasitic refrigerator stage.
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Energy
Stored
(MJ)

6 700
" 168
3. s
1, 1.4)

10.9

34.31

440

36

26.7
158,0004
1.5

0.6
223,0004
36,000,000

34.2
6,100
4,480
a0

34
160
172
690
5,30
0.045
40.4
0.02%
b4.2%
30, 100
56.8
1"
6710
0.1
]

sl
1.5
Hh50N
0.15%
0.1
0.165
i
2N
1.11
0.1
13,800
1), 600v

TABLE 1

SUMMARY OF ENERGY STORED AND HEAT LOADS FOR
SUPERCONDUCTING MAGNET SYSTEMS

_Heat load (W)

73.24, 712.8b, 532.5¢

4.29, 1.0%, 1.5¢, 2.4b, 4.9f, 1808

3.7h

6.5

j.7b,d,e 3.5 b,c,d,e
2 to Galk

2o 3h

160m, 457, wof 45b, 708, 80

1.34. o.5t, 1.8p, 0.79, 0.5, 3.0°

M, ¢
2502, <2008, 2400f, 192
sa, 77.2b

108, 7¢
8249, 29908, i170¢, 502b, 1500f

500, 3800, 75,n00d.7
14 400, 75,800, 683,000.r
2¢, 12, 1.19  ¢.3f
60, 90®, 859, 110f
43¢, 51e, 359, inf
joh

7h

35h

1oh

1454

335h

10.7s

2504, 100¢, 50h
3.8

13a

51047, 1GR6e

110

30

135", 13008

7.8, 17.8hu

a9, so~, 39b, 10.7°c
25h

th

400h | 190 ogoh

7.ah

1.2080h, 22,228
n.99s5h, 22.77%
ad | 3o

9.7 | 554R

9.94h

<7d.w.(' 18¢

1 4 ono!

and, 12e, 4920 160, S56R"

Measured (M)
or
Calculated (C)
Load

Reference
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12
13
14



newar losses or dewar heat leak
bRlectrical load
CCurrent lead cooling
dradiation
€Supports
Penetrations, instrumentation leads, standoffs,
etc.
8Thermal radiation shield (LNjp)
hHeat Leak to LR
lair Coil
JWith iron yoke
“Depending on the LH, liquid level
Six coils in series
MLiquid nitrogen shield radiation
Nliquid nitrogen shield conduction
OConduction in piping
PConduction plus radiation at neck
YTwenty-four cails
*To 1.8 K, 20 K, and /7 K, respectively
8In persistent mode
tSteady state cooling
UStatic and dynamic loads, respectively
VTen coils
YTwelve coils
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