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THE EFFECT OF PARASITIC REFRIGE~TION ON THE EFFICIE~y OF ~~TIC LIQuE~IW—.

by

J. A. Barclay and U. F. Stewmrt

Loo Alamoe National kboratory
bs Alamoo, kW kf@XiCO 87545

ABSTRACT
~r atudias have shown that magnetic refriger-

● tors have the potential to liquefy Clyogens very
efficiently. High ●fficiency is aopecially impor-

tant for liquid Fydrogen ●nd liquid natural ga~

●pplications vhere the liquefaction comtm ● re a
eigniticant fraction of the total liquid cost.
One of th- characterimticn of megnatic refriger-
●tor- is the raquirnment for a high-field aup@r-
condu:tinR magnet. Providing a 6.2-K bath for

this magnet will requir: a smell Amount of para-
•lti~ refrigeration at 4.2 K ●ven though che rest
of the liquefier may he at ILO K (liquid natural
Baa) or high-r. For several different refrlg-
●ratiom powr~ Iev@ln ●t 4.2 K, w hav? calculated
tha efficiency of Lhr? maRn@tic liquefi-r ●s ●

funccion of power, :~mperatur~ and the 4.2-K
rafrin~rator ●fficiprrcy, The r-mults show thitt if
th- ratio of the thelmal Iornrl ●t 6.2 W to th~ main

r@friReratlmn power IB 0.001 or Iwet, the @ff*ct
on the efficiency of thr Iiqu@ficr is nenllaible
at all tcmprraturom below ronm t~mp~raturc
provided the 4.2-K refrigelstor efficiency is high.

dramatic increase in ●fficiency might be possible

if magnetic llquefierm could he made to span 4.2
co 300 K. ‘fIre probleme ●eeocieted vith realizing
this potential ● re under investigation ●t che krn
Alamoo National Laboratory.

One of tha major component of a ❑agnetic
liquefier system is a high-field auperconducrin,g
maffnmt. llre magnet, in turn, roquirea a 9uper-
insulated dewar and liquid helium ●ven though the
mein refrigeration load may be at scme higher
temperature, ●.g. 110 K for LNC. Fortunately, tha
❑agnetic wmrk [n the thermodynamic cycle is not
put into the rafr[Rerator by charg[ns the megnet.
Ortcc the field is estahliehad the refr[garator
magnet can uperatm in a Pmrsiotent mode, and the
current leads to the ma~umt can hn rcnmmved to
reduce the h-at leak into the hrlium. The steady
maffrt~tlc f[mld eliminates charginK Iuo-ea that ● rc
cauced by flux jumping ●nd reduces nrfdy-currcnL
iosaeo to ● n@gli Rihl# Irrvsi, mlr! maRnat raquir-.

an initial liquid-helium trarrnfer, but Cheraartmr
the refriurrat ion rcqwir~rncnt can ho provided hy a
small mapneti c-r~fri K@rator staga frum the primary
cold te9prrfitwrP to &.2 It. l%in wxlra parani tit
rofriR@ratirrn puvcr will dacrsana thm cfficieniy
nf th- prima ry-ata Rr rmfr[g-rat(tr.

Tlta purpose uf thin paper [s to shrew the
calcwlatprl r~nulln of rhe d~creama in overall
cfficiancy bcrml,am of the paran[tlr rmfrincrat inn

load.
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where & is the reversible cooling power; hi
is the rate of work dissipated in the refrigerator

●t temperature T (for example, pumping power);
~j is the rate of heat leak into.the refrig-

●rater from external sources; (hSirr)n ●re
the internal, irreversible ●ntropy production
ratea (for example, heat transfer ●croma a
temperature difference); ●nd W ia the rate of work

required to operate the refrigerator. The
calculations for the efficiency from thio equation
are model-dependent; ●nd because no full-scale
magnetic liquefiers exist yet, we have chosen to
uae the following simpler method to ●stimate the
reduction in overall refrigerator efficiency. lf
wa define COP (ideal) equ~i to &/fic and COP

(real) equal to &/(fit +WL), the efficiency
can be expre~sed am

1
rr——

‘Ll+—

UC

(2)

whare ~ is now the ❑ain refrigerator coolirrfl
power, Sc i. ttrn work required co pump the main
liquefier thermal load to room temperature, ●nd
~L ie the vork required to pump the 6.2 K
refrigeralirm load ~L to room temperature. If
we take both the main ●nd the paratl tic r@ frig -
●raters ● n irtenl and the hnt tnmperaturr as 100 K,
Eq. (2) can he tl-ed to calculate the minimum
affect of the parasitic rafri~-ration rrn ovcr~ll
effici~rrcy. Vsrirrun ration of 4.2-K load
r- frimerrrt ion to primary Innd rrrrifieratiou can ha

uned to calculnte thr ●ffect on nverall ef[iciencv
● m a function of trmfrerafure.

RESIILTS AND l)l!iCllSSloN
nic cfficiarrcy-vs-powar curves for ● variaty

of Ilypolhrtical ma~rrr! ic Iiqllnfi-rm arr Sh(wn in

FiRn. I and 2 for IWO dif(errnt lr-dn at 4.2 K.
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FIR. 2. I?eldtivu ●fflcluncy au ● function of
coolln~ power at 110 K, 200 K. .nd 280 K fo(
parauitlc in.rdq rrf 0.1 and 1 W.

An ●rrpectfd, th,, parsitic rrfrigerat inn has
virtually rrn rffcct m Cli- overall ●fficiency of ●

refrig?rntor at ●ny tomp-ratura frrnvid~d th.
primary cou)ing pouar in larg~. Hnwmv-r, an
cr,olinR pow~r d~crenaen th@ param~tic
refrig~r.atlnn decr@n#er thr overall efficiency
with vrry lar Rr •ffect~ ●t hiRh#r temper nturem or
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In order relate these results to possible

magnetic l.iquel d~signs, it is necessary to

have an estimate QL and the size of a

magnet”c liquefier -~ith capacity Qc. The

parasitic load consis I 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; hut if other

mechanisms, such as conduction through drive rods

and supports, are also heat leaks, the ~osa will

not be a function of surface area only. Tn

mag,)etic aystema, the current density of the

magnet is alao dependent on the ●ize of the coil

as well as the field magnitude. An emprical

relationship of current density and stored energy

deacribea most of the exint. ing mrtgnet syntems very

We l!. Because the magnetic-liquefier system hae a

dewar with both radiation and conduction losses

and s 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 ●vailahll. from the literature

are @ummarize(i in Table I und sl)owrt in Fig. 4 as

circlrd points. As therr are many variables in

the systems represented in Fig. 4, it ia not

suprising that there is an order of magnitude

scatter in the data; however, ● general trend is
obvious. In most of theme superconducting

magnetic ayatema tho dewar-refrigerating ntihsyntem

is n minor pnrt of the totnl h~at input, whe r-an

in a mngnwtic liquefier the dr?warfmagrret will

corttributo a mnjor part rrf the total heat input.

Iherefore, we heli~ve that a c~firve thrn~lgh the
lowest pnintn nn Fig. 4 will ho nn upper Ii nit ON
the p~ras itic refrigeration lent!. A minimum heat
leak rnn ho crntnhlishd hy takinx the heat
hiKh-p@rforrnanc@ rl-wsr avmilrnhlc and p(ittinK M

renaonablr mnj!not in ahotlt hnl f nf th~ volilm~. fty

tl*inR rxint inn data on I)ixh perfnrmnnrp dewnrn

(e. R., 1%/d.*v h,~il-off from 500 t), we calct,lnt~~l

tht, tllroe ,Iiatnotl,!-rnttal)r,l point- on Fig. L, which

ropro+q,.nt 1110 l,Iuer limit of hfi~t-1-nk ratr int,> A

mnt4notir liq~,l fit-r rnvnt~m.
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In order to relate the stored energy in a

magnet of a magnetic liquefier to the 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/lZ of gadolinium. From previoue

magnetic liquefier studies, a cycle frequency of

0.2 Hz appears reasonable, leading to 5 kWfl of

gadolinium. If siyi: effects, such as porosity and

field profile, cause ths magnet volume to be twice

the gadolinium volume, the cooling power is

further reduced to 2.5 kWfl or 2.5 ?4Wlm3. A

6-T field over 1 m3 stores about 14 M{; arro from

Fig. 4 we obtain an absolute minimum QL of 15 W

and a n,oreopr?bahle heat leak of ~ 25 W. Thus ,

ratios of Q~/Qc range from 6 x 10-5 to

1 x 10-3.

Finallf, the effects of less than ideal COP

for the 4.2-K refrigerator are shown in Fig. 5,

where overall efficiency is plo~ted as a function

of the 4 .2-K load refrigerator efficiency for

three important temperatures. The additional

reductinn in efficiency is apparent, but its

effects are not large h~cauae the 4.2-K

refrigeration load ia a small part of the overall

cooling power.
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Ener~y
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(nJ)—.

6 700
% 168
3
lit lo~j

10.9
34.31
440
36
26.7
158 ,Oooq
1.5
0.6
223,000fl
36,000,000

36.2

6,100
4,400
80
34
I 60
I 72
fD90
5,300
0.0L5
4[J. &

0.025
~.1<

30, 100

56. H
11
6710
0.1
‘J{)
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1.5
tl 11-JI)
().1’if
0.1
Omlhl
● ::”,

1:’.’i
“1.11
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TABLE I

SIMMARY OF ENERGY STORED AND HEAT U3ADS FOR

SUPERCONOUCTINC MACNET SYSTEHS

Pleasured (H)

calcu~~ted (C)

tfcat bad (u) bad.——

73.2a, 71z,8b, 532.5C

4.2d, 1.IF, 1.5c, 2.@, 4.9f, 180S

3.7~

6.5
3,7 b,d, e, 8.5 b,c, d,e

2 to 6a1~
2 t~ 3h

16CP, 45n hOf 45b, 708, W

1.3d, 0.51, 1..3P, 0.70, o.s~, 3.OC

@, 2’

25@, <200S, 2400f, 192b
5a, 77.2b

loa 7C

1324J 299P

5oo;3t3t30, i;%:ozb’ “oof

14 ~oo, 75,000, 683,00 f3alr
~c , le, 1m3d Lo3f

6fF, 91P, 85d, llOf

43c, 41e, 35d, bOf
3@

7h

35h

1Qh
145~

33511

10.7s

25~, 10~p 50h
3.fJa

I 3*

51OV, Ion*

I 70

30
13@, 13WM
7.Nh, 17.~h,u

c
c
H

c
n
n
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
H

H

c
M

H

c
c
c
c
w
c
c
M

c
M

d

H

c
M

c
(:

(!

c
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26

27

28
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aDewar losses or dewar heat leak
bElectrica} 10ad

cCurrent lead cooling

dRadiation

‘Supports
fpenetrations, instrumentation leads, standoffs,

etc.

8Themal radiation shield (LN2)

hHeat Leak to LHe

\Air Coil

]With iron yoke

k~pending an rhe L% liquid level

lSix coils in serie9

‘Liquid nitrogen shield radiation

nLiquid nitrogen shield conduction

‘Conduction in piping

PConduct ion plus radiation at neck

qmenty-four coils

‘To 1.8 K, 20 K, and 77 K, respectively

aIn persistent mode
tsteady state cooling

‘Static and dynamic loz, d.s, respectively

‘Ten coilq

‘Twelve coils
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