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REF_R‘IGERATI_ON OF SUPERCONDUCTING MAGNETS*
'Michael A. Green
Lawrence vRadiation Laboratofy
University of California
Berkeley, California
April 13, 1970

ABSTRACT

f.This-:.p'ape_r describes the Lawrence Radiation L.aboratory
.heliumr;-e‘f‘rig'efation‘ system and its use .on‘sqpei—conducting mag-
nets. A discuséion of our operational techniques 'includes. reli-
ability Faﬁvd.‘mainte'nance of components, cold -t‘ranéfe1~' line techniques,
and 1a‘rg’e 1nagne‘t céoldown aﬁd operatibn.. The validity of assump-~
tion usecj in previous studies of large refrigeration systems for
accelerator experimental areas is discussed. A s a result of
- ope rat{iovna_l experience a revised set of recomrﬁendations for large
e_;xperir_ﬁéntal area refrigeration systems is made. Tﬁe interr¢la-

tionship of cryostat design on the refrigeration is briefly discussed.

*Work performed under the auspices of the U. S. Atomic Energy
Commission.



Introduction

: Th:ivsi‘__paper describes what has béeh le.'arné..(_i -_fforn one year
of opex}aﬁdn of fhe LRL helium refrigeration s.yst_en"a. Refrigeratibn
for s_upzevvr‘_c"f‘)nducti:ng nﬁagne£s in a large accelerator experimentall
area isjv'i{-;gc.),ked at again in light of new knowledge gained by opera-
tional»éi;;?étience. New input, engineering, and 'cost dat_é will allow
us to ré;’j{/'ist‘e previous estimates of cost of an experimental-area‘
refrig'ex"_éﬁdn system.

The ‘discus'sion of LLRL operational tecbrﬁque’s centers érbund
(a)breliébiil'i‘ty and maintenancve' of system :comPo'nénts, (S) cold trans-
’ ferhnete 'c.:hni_que s, (‘c) magnet coolciowrx and 6§e rétiono The above.
vto‘picfs'_‘: 1nc1ude a brief description of LRL ope_rating techniciues for
Varipqs: ﬁd;c’;des of refrigerator operation.

| V';Iiae’-validity of assumptions used in pre-v'iogé stﬁdi_es of large
refringé.rr’_abgtion systems is discuésed. As an exé‘m,éle, we still find
the cor_1_é_-§pt of a central compressor 'hogse' to be parti'c:ularly
valid ,the _émall—uﬁit concept also is still valid for spi’eéd-out loads.
The réffigeration reqﬁirem’erit per magnet has been, in general,
underes‘tvimated by a factor of 2 or more. We also finci the refrig-

eration and crycstat design parameters are strongly interrelated.



LRL Operational Expe‘rie‘n‘ce ‘

T};é_::LRL machine was made in 1-§68 by 500 incorporated
(now Cryoéenic Technology Incd'rporated). The vma‘chine is a ‘9-vliter-
pelar-hodvf.liic.';uefief §v_ith two compressors and nitrogen precooling.
When o’p(lal_‘.a.ted as a-refr'ig'ex'..ator it is capable of delivbering‘ 30 to 35
watts at 45°K Ouf system consists of two primary subsystems
which a.t'r_e ‘ivn two separate buildings 200 feet apart. The compréssors,
recové»ry.;:system, and helium s-u‘pply system are in Building 63A_
(forhnériy 'akliqu'id hydrogen storage shed); the machine cold b‘ox, -
niotrovgve-vr_)‘__ﬁ’s‘yst’ém, and control system are located in the LRL .Sup'e.r,—
c"c’:nduc_tiv'i‘ty_ Laboratory at the north end of Building 64. Figurés 1
and 2 show Ithe major cbrhponen‘;s of the LRL machine. Detailed
' construction and operational data may be found in .seve'ral LRL

internal reports, 1-3

which are available upon request.

The LRL system has been operating fbr jus’t over 1 year.l‘.1 Dur-~
ing the first year of operation our machine haé op.erated 6060 hours
.br 70% of the time. Our machine has produced a_nd delivered more
than 1'42 O'OFO iiters of liquid helium to various .cu;stomers around the
Hill, In’additioﬁ, the machine has provided mlore than 1200 hours
.of refri.g.eration to various LRL supercpnducting-magnet experiments.

The LRL machine has been operated totaliy unattended for as long as

5 days, and is consistently run overnight and over the weekend.
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Fig. 1. Compressor house for the Lawrence Radiation
Laboratory refrigerator showing the compressors, oil
absorbers, and recovery system.
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Fig. 2. The LRL refrigerator cold box, two remote delivery
tubes, liquid level control system, and 500-liter storage
Dewar.



Dur1ng the first year the LRL machine has had several seri-
ous maintenance problems. We feel that most of the se problems
o ' 6

can .bev;’::c;gor:r'ected'by proper design of components and by proper

operating t.é_'chniq'ues. a - s ' S .

Reliability and Maintenance of System Components

The compressors have been the least reliable component of

the LRL system. We have two kinds of compreésors, and one is

5, "The béttei‘ compressor is a converted

clearlylléu‘perior to the other.
hea%rj-—dﬁfyi industrial type 500-psig air compressor that has water-
c'ooledi_ﬂ;j';;ékets and heads. This compressor has given more than
10'000:‘ hours’ service without any major repairs.: (This “is equivalent
to ‘dri\r»inn"g your car v250 000 miles without an o',vé-rbaul. ) It is currently
fu.n;'xing 'Bgfter than when it was first installed. The conversion from
aii'_.té hehum was successful because the compreésor was derated in
the prb’é'é"s_s. Helium is a harder gas to pump thén air, but with
prope.r; vp:r'ecaﬁtions helium compre-séo%s can bé ;'un for mar;y hours
. with.av_vx;nin-imal amount of routine niaint.en'ance..

‘C'Qn'tami.nation has been the cause of rnosf of the system shut- B .
dbwnsl; -Contaminatioh in the.fnachine genérally is in the form of
frozen éi;', avlthou'gh éome contamination has ‘been caused by water

vapor and hydrogen. Contamination has come from the following

sources:-
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(a) I-.Iydnvroigekn and vneon from th‘e helium‘tub‘e‘ tf’éilller that is ﬁot
re'moved‘vbv:y' the cryogenic absorbers. ‘We h‘ave_‘o-bs;erved this only
during 'lonbg“vlique.fa'ction runs.
(b) . Léaké (air .gasev.s_) into the sYstem when h‘éj‘li'um leaks out of
the systvve'fh"a-‘—ai_r is counter-diffuééd'into the s.ystem'. This type of
cor’xtarhit“u;{:ionvhas been 'OBSlerved" only when the machine had a bad
leak.
(¢) The éooldown of'dirty éryostats. This form of contamination
has,resulfed in the bl'llk of the LRL system pro‘blems.‘

; We c’én decontaminate our machine and put“ it back in operation
_ invlbes‘s than 3 hours--as a result, contamination has nét had the bad
| 'effeCfSIOri our éperation that co‘mpreSSOf failurevhas. Contamination
‘can be minimized if the foliowiﬁg" precautidns‘ are taken: (a) the gas
enterix;x'g'the syste':rn from bdttléé 01.' recovery tanks is 'repuri‘fiedl,
(b)'sys’cle‘r”rilleabks are minimizéd, (c) the machiﬁe .c'old box hés a re-
pu'rvifier oﬁ it, (d) mégnet cryostats are cleaned properly prior to
cooldown, ’.‘(e) the machine is run as é refrigera’for instead of a lique-~
fier.

The refrigerator cold béx has a pair of recip.r_ocating engines.

The ex.lgi-r;es have beeﬁ \'rerir' reliable and neérly maintenance free.
Ovur re.cvipvrocating cross head has fewer than 20 moving parts, and

most of the time it runs at speeds lower than 150 rpm. We have had

only one repair in our cross head: the machine ran more than 2500



hours.o?»_'é ffault'y bearing b,efo‘r.'e we i‘epl‘é}.,cevid 1t "'I"lhe cold box and o
heat ex.cjzl;e;’nv'gers have béen y.ery‘ I;éli'a.b'lé'.ﬁi Thqré "haS Eeen one leak
in one Q._f_"th.‘e remote delivery tubes which‘ rgcit_ii»fed? 1.e ss than 8.hours '
to re_paVFif:.:‘“:We réﬁ\'the'refrigerator f.or' more thgn‘ a week before
fixing fﬁirs.' leak.

Aﬂ‘c..o'fnatic 'c:clmtrols of gas and liquid nitr'.og._eh supplies pay for
them'vse'ln_"\;e:s"ve ry quickly, Handling of liquid Ai.tvr.'dg“en and helium
' gas in buik has resulted in cohs’ide-rablé laBor 's.év:/‘ings.‘ Our liquid
nit_roigé.t{ c’.o"ntfol system3'paid'for 'itself in less than 2 weeks by
‘-r_e'c.i'ucirig.l .dtir- nifrogen é‘onSurn.I)tion from 22 4060'.1iters per month to
13 000.

- Our experience indicates that low m'ainteqance-,-—low man-
power opér_ation is both feasible and prractical'_. We have been very
'succé._s;fu’l‘ at operating our machine for long \p"er.iods of time W.ithout '
an éttg’andaﬁt. A"main.tenance machinist checks t.':i'cl).mpressor lubri-
cation and cz;yégenic absorber traps once a daryv-‘v;'hile the machine
is runn_ir.iv'g unattended. ‘We typically rhﬁ in tﬁis féshion over‘weekends
and hol.i:.d;a‘y periods. Wé'ave rage about" half a man-fnonth of labor

per month to perform routine maintenance, operate the machine,

and fill helium Dewars for other Laboratory users.



The Cold Helium Transfer Line

We(_ha.g've successfully refrige»rat‘ed ;rloderate—éized supercon-
ducting r;né'gné-ts (\‘:vei:ghing Aup to 300 pounds) at the end of a 50-foot
‘semiflexibie transfer line (an extension of the -:refr‘igefator remote
-delivel;y tube). The tranéfer line is of simple construction and
can be _builﬁ for a cost that is lower than the cheapest commercialiy
available transfer lines by at 1ea§t a factor of 5. 6

The transfer line consists of two concentric fubes which carry
Hel‘ium. 'lf‘he inner one carries the liquid-gas rhixture which has
been éxpanded through the Joule-Thomson (J-T) valve; the outer
one carries the return cold gas back to the ref_rigerator. The con-
centric lines have an aluminized Mylar-nylon netting superinéulation
system rolled arouna the outer line. The superinsulated inner lines
are sli}';ped‘ into a rubber vacuum hose outer _j.ack'et. A second line
now under development has a smooth-wall aluminum tube outer
jacket: The second line will have an expansion valve at the magnet
end of the line. The transfer line has a 2-foot bayonet joint which
slips voverithe end of the refrigerator remote delivery tube, permit-
ting easy connection with the refrigerator.

The line can be produced in 50~ to 100-foot lengths at a cost
of le 58 thén $10 per foot. The construction is simple enough that
the in’ner‘porti'oﬁ of the line can be built in the shop and installed in

the vacuum jacket that has alré“adv‘y been installed in the shielding .

of an accelerator experiment.



CBB 698-5374

Fig. 3. A one-meter long dipole cryostat (foreground) being
run from the LRL refrigerator (background) through a
50-foot long coaxial transfer line (black hose entering the
cryostat from the top of the picture).
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Fig. 4. Cutaway view of the LRL transfer line, showing the
vacuum jacket (black hose), the superinsulation system,
and the outer tube of the transfer line.
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The line that was built by '-w'iniam Chambe rvl'ain 'apd used on
supe'x'cex.;d_qct.ing magnet experiments .had. some vacuum problems.
during i'e.it.ial te ste.' | These §aCuurﬁ problems heve been considerably
| lesse’ned“‘d-‘vlvlring subsequent ope retion. The sevcon'dv version <oftf1is

line will be ‘much more reliable in this respect. .

Cooldown and Operation of Superc‘onductiﬁg Magnetwé‘
T on the Refrigerator o

The .eool'do,wn of large Dewars and .superconducting magnets
has been“ _generally successful. LRL noW cools nearly all its supe.r-'
' cond‘uc':ting.“ magneté, large and small, with the refrigerator because
o"f the _ea'v'iﬁgs : .in cost in both helium and lab‘o“‘r‘.. We have becoine
so dependent on the refrigerator that we'have*.‘f‘_o_ufﬁd it difficult to
cool our largest magnets without it. | |

_i’vtr‘olv),er design of the magnet and its cdo'ld'oyc-/n apparatus is
required'v 1f the (.:oolvdown of large magnets with fhe 1l'efrige rator is
to be 'su'c‘e‘:e‘ss.ful.’ Large magnets cari‘ be cooled eﬁly if the cold gas
is.fore'_ei(.i. thrqggh the magne£ itself. -We. have ‘I.aeve.n; able to cool 300
pqunds of rﬁagnet_ffom room tempe rat.ure to 10°K in less than 6
hoursvby“t‘;‘se of ou;r refrigerator.v

JOpe‘ration of superconducting magnets on the refrigerator Qvas
more difficult than first expected. The lead lvossesbat first were

much higher than predicted from our liquid pet experience. After
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some e.xv‘;.).eixjimentation' and impr‘ov'emeﬁt. m lead c'le.:ls_,ign we were able
to reduc‘é‘.leéd-refrige ration requiremeﬁf ‘tov‘anva'cvce.ptable level,
which is'_‘.s.til_.l almost a factér of 2 above previéus predictions. Our
operatihg 'éxperience indicates that 10 to 12 W of refrigeration is
requi.ré'a per paii‘ of 1000-A leavds, and that this load is not linear
with Iea’d. current. We have found that léads rhust be gas c.ooled.‘
vHoweveir'," B'Ieeding gas through the lead, 'hepce vnc.>t returning .the
cvold ga\'js;.'t'»’hi"ough the refriger‘ator, tak=e3 away frofn the refrigeration
capacity\r-'(ébout 4 W per 25 ft3/hr pass‘i‘ng'.thrb't;gh the leads, which is
the equi.va_lvent of 1 liter/hr liquefactionb). Adjusting gas flow through
) 'fhe ‘leiad-' is .important. It‘should be noted that ’;helliqu.id level seems
té affeCt lead performance.

, S:évéral other things that we h‘avAe learned.’may be useful.
(a) It -vm'akes little difference whéth;a'r the magnet Dewar has an
intermediate temperature shield or not, because in all but the
lowest-current magnets lead losses dominatt_e.. -.
(b) Operation éf the réfrigerator changes the cryostat desigﬁ pro-
“blem: ‘_cf;)rostats that a_rek to be refrigerated only (not designed for
li.quid‘ pof operation) can be made m;uch.sim'plerv, hence much cheaper.
(c) The vspace required for the J-T valve is genervally 1argér when
the magnet is refrigerated t};an when gas is beingv liquefied info a
Dewa'rv.'v" Separation of the stream from the J-T valve from the stream

- returning to the refrigerator is important.
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(d) Duavl‘AJ.—_T valve operv‘ati'on ('vtwo cryosféts) has _bé_en moder.ately
successf\‘il", ‘but furthe‘r exéérimental work is requifed. ‘In.orbder to

~ run méré__.’i:hé.h two J-T .valves from the same l.'efl.'-_igerra;tor,A a slight
chahge ih“?dééign of the cold box is required; this is aiscus sed in the
next seqt’i_o'na

Recommendatlons for a Large Exper1menta1 Area
Refrlgeratmn System

: Refr1gerat10n systems for the 200- GeV NAL mach1ne experl—

- mental area have been discus sed in reports by Strobr1dge7’8_ and’

9,10

Green et al The latter reports suggest that the most flexible

and leaSt‘e?cp‘e'nsiv‘e refrigeration system for the NAL experimental
area Woul-dlb‘e oﬁe that consists of mariy small re'friger.ators supplied
with-warnrirh.él.ium gas from a couple of large central compressor
stations...v In general, I feel that the same conclusv'io_n'_sy still hold
except that larger units supplying as man? as fiv_'e‘ oi'_ six magnets
would be;'u‘.:s;_ed in areas where the magnet density i‘s.'l'vﬂgh, In areas

where magnets are widely spaced, the small-unit concept still holds.
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Making‘- bt_l‘aé 'Ivimits capable ofrbeing"'nqoved and “chér.xg.ed. qvu'icvkly is still
very iﬁlp'dr.tant for relia‘bie’ ope rét'ibn. .b .

Thede sirability of supplying'gas from a central c‘ornpressor sta-
tion ‘haé. béeﬁ' reinforced by our experience. Th’e..c‘ompressor houses
should..bic‘a".automaticallyvcontrolled so that opera?ional manpower can
be rhini?ﬁiiéd. "The 'pipipg from the Compress’or» house to the mach-
in‘e‘s‘ can Bé--made of any of a mumber of maierials and should present
no la‘.rgﬁe g_ﬁgin'éefing'prpblems. The concept of ué’ihg no nitrogen in
either the ;efrig¢ rator or intermediate temperature shieids in the
rria‘gne‘t'.;c:rYOS’cat is probably still valﬁid, ‘even when improved methqu

of handlihg ‘liquid nitrogen are considered.

The Central Compressor House

~ The generél functions‘that a central comPressor house must
servé are as follc-:ws:. (a) supply high-p.re’ssure‘gaseous helium at
room térpperature at a constant pressure over-a wide range of flow
brates;'v(‘b) kfeep the helium gas free of water vapor, hydrocart;on vapors,
air ga#es, .an‘vd otﬁer impurities; (3) perform fnost of its operations
aﬁtomatié‘ally. Helium fill and reéox)e ry must be fully automatic;
helium revp.u‘riﬁcation and the shutdown of defective units should also
be full.y'v :a,ut'cb)r.na tic.

Ouf experience indicates that heavy-duty industrial compressors

with water-cooled heads and intercoolers will work reliably for long
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periods. of t1me in é héli_um system. Heliﬁn; is a much more difficult ‘
gas than ai‘r:. to pump becaﬁsé_ of 1ts low molec“ularv \n'r.eb'ight_and its higher -
ratio of spec1f1c heats. Air co:rn‘p'resvsors can be‘r_nade to pump helium

if the folloviring étepé are taken: a) compressioh: rati‘c}s- should be limited
to 5 or 6 t"o-_i for oil lubricated compressor and 3 to 3‘_.5 to 1 for teflon
ring comf)_résé-svors, i)) two stage air compréssorl w111 work well at rated
continuous’ se,rQ;ce if the hea.dsl and cylindex_-é area‘we_ll cooled, q) water

. cooled infvélz;c.bbolers are required because the gas_vleav‘ing.vthe cylinders
will be atibte.rrvivperatures as high és 350°C, d) the crankcasle should be

' gas:tig'l"l-f: and 6pérafed a.mtv pos"it»:iv'e_‘pf'essurev,_ and e) a gas,ti‘ght‘unlo_ader
sysfe_rh éiiéulci be used. A well—de;ighéd compressor should operafe
more thé.h*id;OOO héﬁfé withoui: any major rlnainte.n‘a‘.nc'e.

The ﬁbplubricated compressor should bebvcon‘sidei'ed, but not at
the expén‘sé, of reliabiiity or excessive c.os)t., Molecuvlarb—sieve oil ab-
sorbers muSt be included on all oil-lubicated cbndpre_ssors, and since
they 'élsé ‘zva.b_s()rb water, their use is recommended on any compressor
that is wev).terv,c.:ooled or has water—cooléd intercocl)lers.. Smali refrigerators
with.rAeci'p_roctating engines reqﬁire 2 to 3 scfm atv 250 psig per watt re-
frigeratof capacity (turbine machines, which ruﬁ at 150 psig, will re-
quire threv‘e.‘tcv) four times this gas flow)..'

Théféompres'sors (200 to 400 scfm cap.ac.ity) should be capable of
sta;rting and stopping therﬁselves. The number of compressors running
Cata given time should depend on thé flow needed to operate the refriger-
ators. Spare compressors to replace defective units, of course, should

be p.rovide_c"l‘,; | Unlike our present system, the excess gaé should be re-

covered by a separate compressor. The LRL machine uses a gasholder
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(similar to nai:ural gas gasholderS) to controlrlheli'um supply and re-
covery operat1ons. ‘This method works very well, but it is more expen- S
sive than other methods that can be used |

Cryogenlc pur1f1ers are needed on the pure- hehum‘supply
and the recovered helium supply The recovered—he_hum supply
should be ;sph_t into two parts,‘ one for pure gas, fhe other for impure
gas. Thev c'oni:amin_ate.d-gas recovery system should Be separated
from the ’r‘efrivgerator—compressed gas circuit. Au’comatic recharging
. of the cryogemc pur1f1ers should be prov1ded Either act1vated char—
coal or molecular sieve may be used as an absorptlon med1um for
the purifier‘s';

Th'e h‘elb.ium compressor stations require cooling water. We
usertvowe_r:\_‘avatber with corrosion and algae inhibi.tors in it. Inlet water
temperatures..of 40°C are acceptable. A temperature rise of 30°C
across the compressors is also acceptable. Proper flow switches
are nece.ssary to shut down th'e compressor in the '"_event of cooling-
water faiIur-e,. |

The eiectrlcal requirements for the compressor house are .the '
same as fo‘r any system that uses large motors. In general, for
refrlgerators in the 100-W size range, 500 to 750 W of electric power -
will be required per watt of refrigeration at 4°K (turbine machines »

require more) when nitrogen precooling is not used.
' ¢
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Helium' P’iéing System
Héliutm gascan be d‘,istributed thréugﬁ éh;)r pipe that is not per-

meable_":”to helium and does not contaminate fhé hehum Cheap steel
or aluxnlnum pipes vca’nvbe'used as long as they are leaktight. 'Coppér
pipe w1th sblde'red jdints séjrve.s very well, bﬁt_is expensive. Plastic
pipe shé_uil"d'work as long as it can stand the p"re"s'isvure. Greased O-
ring séa;_'lis"br rubber seals have perfofmed well m our system. Ball
valVes'.Qi.t"h Teflon seats have proven very su'c‘.ce.;.xsksful in our system,
even w}.x:énv'.t'hey are used at 1iQuid nitrogen tember_atures.

X Fl.e;iiblehoses_ should be selected with .catre. Some hoses are
'perme_,_:a.'l_)‘ie;to helium, others contaminate the. stream. Anaconda all-
meta‘.l hosévs aré very éood but expensive. LR L.uses heavy rubber

vacuum hoses for low-pressure use.

Refrige rat:or Cold Box

The refrigerator cold box should consist- of the following com-=-.
pon.entvs.:v ga) heliun_q purifier; (b). counterflow heat exchangers with a.
liquid nitrogen preéboliﬁg loop; (c) expansion engine system to coél
‘gas down to 10 to 15°K; (d) Joule-Thor‘rlson circuits to liquefy helium
and pi’:‘(i)vidje 4. 59K refrigeration; (e) automatic controls to control the
refrigétéfion in each magnet cryostat; (f) cold~helium transfer lines

to transfer helium to and from the magnet cryostat.
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| Eééh,refrige ratér cold box should have a s_fhall helium repur-
ification umt which recharges itself avuto'rha’ticall'.y;» Such repurifiers
are coxﬁme rcially available today as »standard' uni-t.s‘.'on helium refrig?
erators filat are being sold by at least two maﬁufacturers. .The

refrigérétor should be designed to run efficiently without"l'iquvid

nitrogen precooling. However,' a precooling _lqdp éhoulfdi be provided -

in the event that additional capacity is né'eded, or to bolster an ailing’ '

refrige rétor. until the next regular maintepanc’e period. Our machine
doesnit have s'ufficie'nt’upper hé_a’t éXClrvlax.dg'er_ fbr efficient o'pefatién
'withdut*prre‘:cooling, N..ewer Cryogenic Technology Incorporated
machivne"j‘svb.hav-e at least partially remedied this 'sitﬁation.

The expansion engine system is the heart of the helium refrig-

erator, All the energy removal in.the gas takes place in the expansion

engines.. Two expansion engine systems are in use to.d’ay,' the recip-
rocatinvg piston engine and the turbine .expan.de,r. The choicé of whic;h'
should be used will be based on economics. The turbine expander's
big.gesi_:”édva‘ntageris that it will expand lérge volumes of gas in a
relative.ly’r small ph-yvsica.l volurnév. Its bigge st disa‘dvantage is that
when tu‘rbine machines are built in small units the efficiency of the
machine is lower and it operates at lower pressures.' Both these
factors affect the sizing of pipes, héat exchan.gers, and compressors.
These components make up a significaﬁt portion of the cost of an

expe;imenta].éarea refrigeration system. Both the turbine and

:%‘\
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reciproc;afiné- engine.' systems can be ma'.de'rel'iable'. The ‘single—
.mobving‘-par’_c'fargurhe'nt ofteﬁ advanced by turbivneb proponents doesn't
mean ve ry ;huch when you consider that the. one; _rnoviAnAg» part r_uhs_at '
250000 rpril.-, coﬁipa_red with less thaﬁ 500 rpm for thé reciprocating
engine, which has 20 or sé moving pa'rts. It is mjbpinior; that the
turbine maé-ﬁine will find its'g.rea.test use 1n large ﬁnits, ~and the
reéipi‘oc#iné _ex‘péﬁder will continue tjo -be. used in fsmvavll.units".

| TheJ-T circuit p‘rovvidés the low temperatuvresuneéde‘d to run
éﬁperéoﬁduétihg magnet systems. In order to >del~i§er controlled
refriger.atio‘n‘,‘to each magnet cryost.at, constaﬁt-temﬁera;turé constant-
press:ure gas must be provided at each J-T §ralvé.~ _ Constant pressure
is maihtéined by regulating thé c0mpressed.-'gas.'sy§tém. The temp— |
erature is;_re:gulated by controlling the rate of exb'an;;i-on through the
expanéidn ‘engine. The constant-temperature (8 to 12 °K) gas should
be fed to tI_i_e' J-T valves through a J-T heat exchahée;, which could
be-locaté‘diaf the fnagnet cry‘rostatv. - The .re'friger:;afivénv fed to the fhagnet
is contxl'ol'ledrby 'regulatin.g the flow of cold gas through the high-préssufe
side of fhe} J-T valve.

.Su‘pé'rc‘ritical helium refrigeration (the helium gas pr‘essure is
above the critical pressﬁre) appears to be very attractive when ap-
plied in the following ways: 1) in large superconducting fhagnet where
high cur_r_c_ant'vdensities are not needed and where hollow superconductor
can be qsed withou£ difficulty, 2) in special magnets, such as thin
' septalij ahd ‘beam splitting magnets, where thin conductors and modefate
fields (1VO-.20.kG) are needed. Supercritical helium cooling may become

attractive in general experimental area magnets if the stability and a. c.
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loss charz.s,,c{:_‘e'i_'istics ‘o'f superconducting matéfial contiﬁue to improve.
Gas cooli'n_';gt_ t”é.s'ts indicate fhatvfirie stranded, fwistea material can
be rﬁade to pe.?fofm feé.soﬁably well.

Two'..fnefhods can be used to provide super critical coc;ling: the

first methv"od'is to provide gas at 4.5 to 6 °K and to circulate the gas

~ with a cbl,d;pvﬁmp. 12" The second method i"s‘t‘o‘ let the refrigerator be

the svburcéio‘f'high pre s'suié gas, allowing the gas to flow thorlough the -
load,v ther.l'vt}'l,rough aJ-T V;alve and back through the low pressure side.
of a J-T vhea‘_;tk'be.icbhange:lr. The second method appéafs to be practical
if a refri'g»e:rba'.tor is to be used on a magnét sy.ste'_lfn.. |
'Th_e."aCiVantag’es of sﬁpefcritical cooling are c;_b;ioué; they are:
a). the mégﬁét cool down is quick and positive; b') a large reservoir
of 1iquid3ilé1iyim is eliminated. (Supercritical helium is a single‘phase
fluid. ) T_he'tiotal- system volume is reduced; c). fhé cryostat construc-
tion is si’m'pl-bified by thé elimination of necks and other conventional
parts. The .i)rimary disadvantage of sup'ercri.tic_a.,i‘ _ééoling is that the
heat transfer is rather poor unless the flowing sup:ercriticai helium is
in dibrect‘:v.céntact with the s.ﬁpercondﬁctor. As a result, éupercritical

cooling becomes impractical in high current density superconducting

magnets unless the superconducting material is intrinsically stable and

has low a. c. losses.
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T}'.xé:‘n.f;ost useful ‘size for Va heliu‘m'co'l'g] box i's"probably'iﬁ the
100-W rg'n_g_e‘ without precoéling. ISuch a uﬁif shéul.d. be portablé
enoughﬂ.‘_t,o:n.b'e.al moved around the experimental é;ea by use of li_ft
truc‘ks".(:jtééij:'as today's conventional fﬁégnet sui)pliés are méved). The
cold box _SHéuld be capable of supplying c_ontrolled refr.igération‘to
4 to 6 mAa.‘g‘n'ets simultaneously. It is'to bé noted that one should not

expect a refrigerator to run conf:inuously» at its r_étgd l.c->ad. «This is
not ,thev___ ér_éé:_ti‘ce with most mechanical equ;lpmévnt.;' The helil_uh réfrigf
erator-}:shééldn't be any different. The experi'r.rientjal-area transfer
lines should be made in standard léngths ‘.’so.th_at. standard j'supefihsu-;
lated '—innfel‘l.f.lines' may be uséd interchangeably in d.ifferent:(':'ustom—
shaped .-qu'fer'vacuum ‘Iines.'.‘ Cold helium can-be-tx;anéferred from

the ref_rig.'ei'ator to the magnet and ‘back'by tr;ﬁsféf 1iﬁes similar to"

ones under devélopmenﬁ at Berkeley.

Magnet Cryostat

T.he“ concepf of a simplified, low-cost dipo.le .and quadrupole
cryostat is discussed in Ref.14 -. A sﬁmfnary of .the fihdings vf.ollows..
(a) | 'E.:iv.ir.l'}ination of intermediate’ tempé rature shields ana support:
points '_éhéuld be seriously considered. Most of the refrigeration
requiré:d. iﬁ a beam-transport cryostat is needed to cool the leads.
The extra refrigeration needed because there is no intermediate
tempe'ra'tvure shield will in most cases cost lessv.than the intermediate

temperature shield itself.
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(b) vSuperinsula'tion, eve‘n as little as ‘fiv‘e ‘iayerg, is far sﬁperidr
to othé’vl",'ix;'x»s'ulaktion systems. |

(c) I..f:'.tv.hé" magnet aperture is small, serious consideration should
be glven to Tmoving the iron into the cryostat.

(d) _'l'he;,'.vsuppoft system should be made as simple as po_ssiblé.
(e) Cold bore magﬁets should. be coﬁsidered if thevmagnet is long
and the _bo;"e is evacuated. | in short, simplicity is desirable

thro ugho ut.

Cost o'f'i”ar’i ExperimentaltArea System

The fheat 1oad estimated for ti'xe Green, Coombs, Pe rry report9
was ti‘ndeir_e'stimate'd largely because .le'ad-coolir_lg problem;’were not
well.ih{'estigated. Bec'gusé of ‘reéent advances" in z;effiger'ation tech-
nolog)‘;,b"ﬂtﬁé cost of the experimentél—area ‘re'fz.'vvigeratioin system for

should be even

252 magﬁets mentioned in the Green et al. repvortvsg' 10

lower despite the fact that projécted heat loaci is doubled over the
previous'report estimate. The estimatgd ca‘pi‘t‘al cost for refrigerating
a supevi‘éénducting beam transport line is of the order of $15 000 to

$20 060 per ma;gne.t cryostat (compared with $25 000 per cryostat
given m previous gstima_tés). I feel that .continuevd developrhent of
refrigeration systemé will tend .1t6.10wer At:he cost of refrigeration even

further, particularly if a standard-size unit can be adopted.
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'Surnfnary _
Several conclusions can be drawn from thé experience gained
at LRL_.E :;-‘.The se are: | v
1. . R‘efvx"..ig'eration requirementé are geneféliy undere Stifnated; the -
electrical léads are typicbally the largest pai;t of the load.
2. I.‘;arge‘ supercohduct:}ng magnets c.an be 'céoled ‘dovw-nv iﬁ a rea.son—‘
able amout of time if the proper kte'ch"niques are employed.
3. Cheap efficient transfer lines can be built and ':op‘e rated on é '
helium: ‘r‘é‘f‘fr‘ige rator.
4, Many laboratory .supercondu.cting magnet ekpe riments Qérk
very wél'l"‘o"n the I;e'frigerator, and at ‘lower cost Athan the conventional
open pét system.
5. Many procedures used on opén pot supe“_rc”onducting_eXperiments '
cannotk '_b_eb e’rnpl.oye'd whep a refrigerator is us“ed, to éool the expe riment.;
6. - C'Q'x;élusidns on operating sﬁperconducti_rig magnet experiments
on a r»ef‘.i:'vig'erator should_not be drawn frorﬁ opé’ﬁ pof experiment data.
S'e-.wl(_e.r'al cpnclusioﬁs aboﬁ.t large refriggrr'aiibnbsystems can be
drawn from ouf operating experienée.

1. =  The large central house is needed for a large system.

Ny

2. The smaller unit concept is valid for experimental areas where v
magnets are widely spaced. In general, the more compact the system
of magﬁets the larger the refrigerators that would be used to supply.

the magnets with cold gas or liquid.
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3. I"nve'xb»ensive transfer lipes can be _Built m m_ci;l‘de‘;a.te lengths to
carry ‘ﬁ‘lfovdéi_rate amounts of cold gas. ‘rTf:ley: will ri_ét be built by industry
if-ma;nu:fi_a."':.c._:ﬁj;ers continue to ch#rge their 'preéent. :high prices. anall.
trans-fe_‘ir "?i.n_es can be built.in 50- to 100-foot léng’thvs for $10 to $15
per foc;f; |

4, Large 'refrigerétion sy"stemg can be built for superconducting
s&nchrqifr.c;ns. It is my opinion the c’q.st'.will (.:t_oime down on these as
well,

5. The 1;e will be a continuing fzjend towa rd‘e‘liminating liquid
.ni'trogér‘.lvifbv;-.ém the> refrigAeAration 'process‘and f.rpr.xl cryostats that
‘dperavt’e‘_'l:én» the refrigeration system. The re;ébﬁs for fhis are purély

economic.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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