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Introduction

.. One tm of conductor undcr considcu-
tion for tokamak toroidal field (TF) magnets

"1s_a cable-in-conduit cooled by supereritical
The main prob- .’

in forced convection.

- ‘v lea in designing such force-cooled conductors-

(fcc) 1s to maintain adequate stability while

" _,l'.up:lng the pumping poswer tolerably low.

Ceam

Th- transit.time of the helium through
& coil is meny minutes. Since recovery of
the conductor from a thermomechaufcal pertur—

“bation takes on the order of tens of milli-

sec:ads, for purposes of calculation, the
inventory of helium availabla to promote
recovery is finite. ' This means that a large
enough perturbation will quench the conductor.
We can then judge the stability of & fcc by
the. u:d.u perturbation of some specified
type against which the conductor is stable,
i.e,, can still return to the supsrconducting
state. The simplest tipe of pecturbation is

- & sudden, uniform heat input over the entire
" leagth of tha conductor.
" sudden, uniform heat input per unit volume of )

We csll the aaximm,.

metal AH the "stability margin." We empha-
size that this definition of the stability

' margin has been chosen not because we believe

'} least pumping power.
dcuninod by ten dan."

. -ten’ tO ctglu: as follows.
. slways occur in the product .

& sudden, uniform heat input is likely to
occir, but because (1) it providu a basis
for comparison of differeat conductors,.(ii):
it is relatively essy to calculate; and (1ii)
it i3 a lower limit to the spacific energy
input of any perturbatic., 2.5, the cot= -
ductor is stable:to any perturbation when the -
spacific energy :I.nput is less than AH. .

2. Design Pr._edures

In an earlier met, 2 qntmcic

. mathod was developed for finding the fcec with

& fixed stability margin that consuneg the -
- The stability margin.is -
T By I, P, J 4 A
P, b, £, and ! (There’is an alphabétic .
1ist of symbols ©2ad. their definitions at the
end of this u':iclc.) We can reduce :hcsc
First, P and’
‘Second, for .

& given arrangemesnt of. strands of a. given

. shaps,’the stability margin of e part of the

. ecomnductor is the sase as. that of the whole.

- margin as the original.

. This means that if the original conductor is.
Auagined to be composed of two smaller. con-

ductors in parallel, each cf which has half
the nyrber of strands, half thé area, aod :
balf the cooled periseter of the original;

then each half will have tha same stability
" Thus 4AH can depend
only on PIA and on I/A = J, the ovcnll
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arguaents can thus bs reduced to the follow~
. ing .‘-Ch:- _ Tb' By, Py Jy J o Phb,A- fn ""co

Step 4

By acceptance ‘of ihis article,

1. htto retam a non exc!u:.lve. roy..l

&t ‘llull

Our original list of ten .-

We. have separated the eight independent

“wariables into three groups-of five, one, and

' two, respactively.
‘ing ouz design procedure. - It consists of the

follaving six steps:.
- Step 1

These will aid in describ-

Values of Tb s, p, J, and J are
. fixed.

Yor saveial values of. ?hb/A, e

maximize AR by variation of £ and

. ! « (It 1s shown in Ref. 1 that
- 85%h a maximua alwvays exists.).

Step 3 Ve plot (an) . and che corre-
: sponding values of £ and f. au:l.nlt

PhblA.

We chocse. sone ‘suitable stability
margin AH and find the corresponding
values of Ph /A, £, and £ from.
the plot made in Step 3. )
Keeping /A fixed, we increase
P/A and defrease h_, .but only until
- the Reynolds number Re falls to
5000. A Reynolds pumber of 5000
should-be sufficient to maintain
fully developéd turbulence. This
step has the effect of further
raducing the pressure drop and
pumping power viile maintsining AH
. fixed.

We eeek a ubling pattem that will
convcnhntly realize the values of
tc "and P/A found above.

These steps can be made mora coaprehen-—

Step 2

Step 5

St:cp 6

-, sible if we note that

pmt per unit volume of con=~

P'-Pm -
ductor ~ (l’hb/A)‘ (Re)?*729, (¢§)

length of -

pressure -drop i»cr un}: (")“/“ @

. conductor v ,(Phb/A)’

These lcaling ul-tionl can be derived by
taking k.~ v**® D"*-? (Dictus-Boelter equa~-
,.tion) and using Bluiu.'l equation for the
" friction factor. Steps -4 ainimize Ph /A
‘for a given AH, and Step 5 reduces Re t3 the

_ lowest tolerable value.

The numarical program will not be de-
scribed here in detail, but a few words will
,-be said about its capabilities’ &nd what it
“ takes into account.. It can be run either in
a case-by~case interative mode using all
eight input varisbles and returaning AH; or it

*Ihie research sponsored bY the h"l’ Research ..y perform the maximization of Step 2 suto-

aud Davelopment Administration under contract
with Union Carbide Corporation.

matitally. The superconductor can be either
NbTLi or NbySn; the matrix csn be either Cu or
Al. Cutrant s!nring is taken into azcmt.

tha cubﬂsher or

eripuent ackno"vn dg,s t‘xe s s Gov mm°
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“eqoation.?

Ohl.

magnetic field. .

o

.

u u'o tlu te-pcuturc vn-:lacionl of thc :
‘specific ‘heats of matrix and, supotconductor. A
Also” included. is the latent heat of .tha L
lupctcouductiug—ru:lltive ‘transition fn.a .
Heat transfer is described -
by Ghrutnno 's wodified Dittus-Boalter: '
‘L'hc thermodynanic variables of .
+bhelium can’ be chosen to correspond either. to
emunt-puuuu or to conatant-volm

3. Busertest B._.g“ e
vs’f,_-;., WbTL ngx_zg

AS an. m-ple' hc us connidcr tlw :
duin of :a 15-kA: NbT1/Cu fcc operating at’ B
" ""4,0 K #nd°8,0 T using a superconductor the .
0T erdtdeal eurrcnl: of: which is normaiized &t
LT 5.6'210% At de 4.2 K and 8.0 T.. Let'us
R | atrive-for a curnn: dmity over the cablc
_space of 3750 Acm ?
c uc::loularnotb()a.
. suppose that the res#idusl resistince’ ratio of -
- the copper at zero ‘field .is 160.
- 1 "the tubtiﬂty ‘of the copper will be 5.35 x
{Due to the.effact of magneto-
:uhtma. values close to this one will ‘be

obtsined for a wide choice of residusl
tuunncc ratios at :cro ﬁ.cld )

L

ﬂ.n steps of our procedure:
mtuu pumping pover per .umit Icnm:h of clu

L conductor.

‘The Reynolds number:has already

besn r.dueod to 5000. I-'or ..u tbl optﬂuz«l

Wy -

mn mc- o

" sA™H 1MRAME 40K

| MASNETIC FIELD - L BOT

" nea T eoemd

. GURRENT SOomA_

(INCL MAGNETO-RESIST.) s 35- w" duu-en

l‘imo 1 shows. tlu rnuln of .the ﬂut
8. 1s plotted

CRITICAL CURRENT DENSITY

(42K, 8.0T) R S.Iuo‘*lem‘! e

NUMOER

P conductou ‘ripféientcd"iér'é, € 1des &ﬁién \’ :

.. operation than in constant-voluae: operation,
~,The. difference 1s' due to -the largcr specific

- “applies to ambient pressures between 3 and;
‘.- 7 atms. 8K does uoc depend on, pressure - }
' :bmulu in thi.l pr.uure range and in tbc [

- '.; threshold (<5.0 X), the specific heat of
- belfum-at constant pressure is nurly pu‘

.- aluays preuuu :l.udependcnt:, and’ hter we.
(. shall‘discuss a Nb)Sn conductor in which AH -
< ‘:‘lhﬂﬂ“ a ntron; depcndonce on llb:lcnt prcuuu.

This means & cross- =
Lat us further - '

ABBOT

. \nscnsmr thy ! uefb

e m—mﬂf’n-ﬁso'z_ﬁ."'

‘  The points are from NBS-631; . the liras are’

, volocity in the {ntsratices is 23 cm- ‘sag” RN

Foo mmmuinnmumm mm R .,
MMM Stabiliy for Given vapmq Pmnr or Mlmmum m’ 12 " T A2 and’ ‘the pressure drop 0.27 an{loo =,
ing Pwlr for Given Stebnmy > .

lnul.tn of thn nr-c !1" l‘cn
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}ot tln dui;n ptocnduu. o

PR

r

*

'ponr aod the’ pressurs drop have 'been calcu-
propr ae £ tlu .i.m hyduuli

about 0.7 aud 0.8, while f . lies betweén -
about 0.4 and 0.5.. llotmrghy is; the much
larger stability urgin iu.-conlnnt-pteuuu

heat of helium at constant yreuurc than at:
‘coristant voluwe. ~Thé conltml:-puuurc ‘eurv

- 'range of températures beiween the bath’ ta—
‘- perature (4.0 K) and the current sharing

sure :l.ndepcndant (see. Fig. 2), 48 is not

S

n B o -:" -
N ;
A 2.
s |- g
e 20
=
i - < .
. ¥
2f § 2f
‘vo"" ‘ lJ Al ipty s L
2 ' %3

r1 |r1|l'7

T

P

TTTrT

2 2
R o

H:. 2. Phy::lcal yrapct:icrof hol:lun -
“as a function .of pressure and temperature. g

'?!1:- uud i.n tlu cuputor pro‘:u. G

I.et us nnun cmtnt-prcuuu opcnt:lan
andchooulm-m-.lc- ‘of metal as an :
‘acceptabls’ -tab:uity wmargin. The conductor. so
selectzd {s shown in Tig. 1 as. the base casa;
Al =300 ‘al/ca’, corresponds to a temperature
‘rise %o 18 K. This £onductor {s about 51X’ :

11 ind 497 helium by vSlume; the. coppcr-to- o
/suptredndactor ratio is 3.5. _The helfum ' .

cortnpond:l.n; to A maas flov ot 7 & sec N . -
thn\ngh the entire 4.0-ca’ cross section. The . .
. cooled gct!ut.r 1a 1.45:m, the pumping  power,

‘It should bc ruubeud tbat ‘the pn-ping
lated ulia; smooth. tube friction’ facton ap~




10" W/kn.

“basic unit is a :olde.rcd

‘ compo uiru uch of vhich is~

o 0:46° ma in d:lmtcr. Because of the solder-
' dag,: the ifiterstice ia: agsured to 'ba filled
o . .z with'soldet, and the-part of the surface .
T inside it is ‘agsumsd unavailable for heat .

i ’ : trmt‘cr.—-On bling- pattern: is to-wind-* -
“thase triples . layers arcund a central core.

‘Alternate layers twist in’ opposite directions "

. amd’ ‘therefore do not. intcrpene:utc, the
: -~ triples.are. algo twisted so that adjacent
v ; triples do not interpenetiate.’ To attain the '

required cooled pcrimct:en, we shall rieed about.

1200, such wires.: Eleven layers around the
central core will contaian sbout 405 triples-

- (the exact numbez dépcndl on the twist pitch).

" 'The'cross-sectional ares is 4.0'ca’ as re~
quired, and, the helium volume fraction is 50%
at tha. bcginning. . For this reason, .this =~
conductor.will require anl.y slight coapaction.
The cabling pattern;is shown in the bottom
pcrt of Fig. 3. H

The second cabling’ pattern uses wires of '

. the same size, bit the basic unit iz a single
layct of trlplu wound sround a central’ triple
(7'x 3 uffe). Fifty-eight such units will
+ ' provide the requisite nu-bcr of ‘wires; four
‘.. layers around a- central core will contain
. “mbout 62 such units. Uncoupactcd. such an

and & c;ou-ucciml. ates of 5.32 cal.,
Co-paction to 4.0 cm® will bring the helium
* fraction to 50Z. This cabling pat:cm is .
: lhwn in'the top parl: of Hg. 3. .

R 3 3 Nb!Sn Hagncl:
: “. The paxt probln is relaced .to the first
.1a that again we- -design a 15-kA. 4,0-cn®
conductor. . This time the conductor is com-
" poged of Nb,Sn/CuSn/Cu. We choose as ‘aur
) mntinx point-a Helium tupcrnuurc of
BTN PX: 1) 9 heliun pressure of 7.0 atn, and a
ll\gnet:ic field of. 12.0 T. Because the sta-
) 'bﬂity urzin u:lll dcpcnd on pressure, it is’
. hecessary to cpccify the heliums pressure in
tlu.-v mplc. uhoreu :t.n :ho ﬂrst cxmplc ic

gc ‘a ef:igcntion \gork load;of

3 ding couidcuble compaction. )

'arnngmnt will have 8 Heliva fraction ‘of 622‘:

- point at which the specific heat of hcl:lu- and

" heat transfer coefficient. ahould ‘have nearly

! the lpccific heat and: heat transfer coefficient

’

Fiz. 3.
the NbT1/Cu conductor found using our design
proccdure may be rul:lzed. .

Two cabling patterns by w"uich

was not. Thc ruittivit:y of the copper in a
12-T field is 6.79 x 10 *® ohm m (RRR = 160,
as before). . The critical curreat dcuicg of
the NbsSn is taken to be 1.2 x 10° A n

12 T and 4.2 K., F:l.nclly, the CuSn/NbsSn
‘volume ratio is-:fixed at. 3. .

‘After the first fivc steps of our du:lgn
proccdurc, we nun arrive at a curve of AH
versus pumping power for constant-pressure
operation. This curve has a fairly pronounced
“knee” in it, the bend in the "knee" being ‘
located near the point AH = -365 mJem ¥ and’ - o
-a pumping power. of 6.0 Wim ', The correspond--
ing pressure drop is 0.19 atmlloo a. The
conductor 4s S37 metal, 42% helium by volume;
‘the metal 1 S0Z copper and 50Z CuSn + NbaSn
by volume. ‘The cooled perimeter is 1.22 =m.

AH = 365 mJ/ca’ corresponds to a tupcruuro
rise to 20 K for thil ‘conductor. g

. It we exaaine l'ix. 2, va see that the
operating point 6.0 K, 7 atm is close.to'.the

the ‘haat tiansfer coefficient have reached .
their maxima. At 7 atm, the spccifi.c heat and

reached their maximum values ia the range of"

halium tcnpcrat:urci between the’ bath tempera-
ture (6.0 X) and the current shatring threshold X
(<7.0 X). " But if the ambiel.t pressure of the "
helium were less than 7 atm, say 5 atm, then

would be considerably reduced. ‘Consequently,
we cxpect a decruli in u:ab:ll:lty nuin wi.:h
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, volocity.v . . o SRR
v L o . +7 . pumping pover requirements by running a

§ amount of heat thot the conductor can. take :l.o

dee ouin;'pronu:o for thio cooductot) tho
ruulto" of dct’oﬂod colculotiono are’ ohovn 1n

' ' ; ‘-.."‘ us:cast
‘Dcpcndcucc ot otab:uity ur;tn 5._ e
' on_asbient: pressure for- * R X
‘base-case: Nb;Sn conductor DR gfo »
— yeisabon
R : . 13
T B e . u:’m-oor :
B ___ rtoll T, (NegSA) s 60K
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The flowing heliua in & force=cooled
ugnot fulfills' two. functions: it is a heat

-sink for the conductor. and it transfers the _‘

heat away from the conductor. In a hr:o Co
magnet, the helium is stagnant as as far as the
heat sink function is concerned. This has
been the basis of our zero-dimensional analy-
" sis, _The ultimate cooling power is limited by
the.eathalpy change: -from the-inicial helium
- ‘bath tesperature to'the current sharing - -
temperature. Per unit conductor volume, it 'is
nm b, o7 N L ) .
Camy - rncoﬂe.) -5 ol
o+ tu,,( c-r,,u “'. . @

si.ooo t‘xo cnt!ulpy of houu- 4s about tuo
orders of lngnitudo highot thon that of the
conductor zt hol.f.ua tuporotuno, tho ucood'
t‘l‘l do-.tootu. o

Iho hoot transfer coofficiodt of ho].iun

'vo.tho .as the flow changes. This detsrmines - - .

" the toccvory tine .and thus the otab:l.].ity

- margin, As is stated.in .Sect. 2, ‘the heat
transfer cuvefficient dopcndo on’ the volocity -
oad hydtaunc dh-oto: as .. o

>

hb~'..‘n ..l - R (‘)

L e e et SERT S

- Aoouing nooth tube friction foctoro.
" one also finds the following relationship:
beétween the pu-pi.n; powor o.nd tho £low. -

‘l‘ i :.n -
b L . (5)
) P : Dn.n - \ .

X 'l‘lu futetional dopondem:o of A! on P
" for the two base casas derived in Sect. 3’1.
" showm in Fig. 4. 1t 1is mtorootio; to .note -
- that 8H changes sharply only in a range:of P
- about an order of msgnitude vide. At very.
‘high pumping power the hsat ‘transfer coef-
ficient will be high enough teo l:rooofor heat
" from conductor to helium 1-od:l.otoly. The

(g

 UMIT PUMPING POWER, r, twml

. rig. & Stab:u.:l.ty norgin vouuo puno:!.ng
ponr for thc tuo buo-ouo conductors.

B

lmtod by tho holiu- hvontoq. m oto— L

- bility urgin approaches that given-by. Eq. 3).

The kink in each of the curves: co:tupond: to
the conductor being heated to T in:lt:lnny.
Por-initial thermal disturbance§ less than -
this value, the conductor does not go com= -
pletely nomol. . 'nm tcgion 1- not of proc-
. tical interest. . . .
. Abon the kink u1 current ﬂovo 1.n tho
ubntuto initially. Joule hesting bocoleo a
" cotstant.. ‘A.small increase in h, or P_ will -

allow:a oubount:lll increase In 2H. H nce,
betwaen the shoulder and kink ‘of the cucrve, AH

© is vury-sensitive to P . . The ‘TRCOVEry clp.l-

bﬂtty of a conductor this ragion can be

. inferred by comparison of the heat transfer
ond the power density of joulo huting in the
conductor : :

_For a ;:l.\roo httm conductor t-poroturo, ' N o
oot:oopordin; to a stability margin iH, one
eon £ind \'hc patuctric ocolin; by holdi.n;

B l :
‘4.1 _-p_g__donco . .
" Ons :lntnrootin; quootion is vbot wﬂl be -
tbo obouiu ‘in" the stabflity.limits and.

oooductor at. different curzent dm:l.tiu._

With & linear relationship between the super-

oouductor .eritical current density.and tho

tupcuturo. one fiodo !ro- !q. (3) that

tlu ultiuto‘guduol hut hput 11-1: in-
..creases linearly as the current density de- -
“creases. . In tho tangé of helium flow whare:

tho otobility nr;:ln dopondl otrcncly on the _. =

.9-4 B oo"- L o '°°

Phh,{‘I -'r 4:_?—;&—. o . (6) -

e emmc.,..._ -

m-\,(l-——), "(‘)




.’-lut trmnr coc!f.:lcunt, tql. (4). (5). ‘
“(7)81'!"{.&.

S i e

, ~Jl.l

v'.l'ic pqin; mt rcqu:lrmn: il t nw S
ltroa; function of current dmt:y. ‘mu., ;
redacing operating curreat density not only’
< incresses the ultimate hu: *cdpacity but also
Lo e substantislly reduces the -required pumping-
* 7 - power. Numarical: u-plu of ‘this scaling
. relationship for e 20-mm-ID conductor are:
" showm in Fig. 5. -One finds that Eq. (..
" . appliss to the vertical shifts et tha righ
~ and Eqe (9) npplhs to, re;:lons bcmm tbc -

et =)
pe 2. 4300

- '.-.f.f"f"/-

. ~.possible flow instability. e
) proportlonnl t.'o tha ‘squate Toot of the number

[y tw/m). B

!1‘3 S. Oun'cnt dnn-ity dcpcndencc of th:
S aubﬂity zargin and pumsing powsr. : The |
L eounnt—nluu cg-c:h‘.ie heat of hcuui vas |

I, A - 3.14

AL madiatdon dn-ge to the conductor of a
fusion magnet will gradually increase the

. vesistivity of the substrate., 'Thus the sta-

.bu:lt.y of the magnet will be degraded.  One
. .7+ cen warm up the megnet. periodically to’ -nnnl.
L the conductor or degrade tha magnet by oper-
» . ating &t a reducsd current 1in accordance with
L %°1f¥p-to maintain the same stibility. The
-~ force=flow cooling scheme offets another )
-’ rcholce. -!ro- lql. (6). (S), and (7) again one
t:lldc

¥

rm,,‘ pa.u . . ao)

R : ¢

c 'nu by incruung the pup:ln. pomr in thh
" proportiou, the sama stability margin can also
be uinninod. The dnndatton of p, homer.
‘ : uu no: affect Alc k .
) alvays
) nd thus
by in- -

. As 1s noted im Sect. z, - nd
“‘ogeur in the product’ ?h v
lower pumping power can bq run

e

current: heating over’'a ‘pariod of 20.msec,
‘while the analysis agsumed the heat was added

ponibh d:l.ff.iculun :l.n nnufucture and _

» one ﬁndl tron qu. (-i),

4.6__“\ B~ and T-_l)_egl_ndcnca
ean be found. for the dependence on field and’

- tamperaturk. '
tire, ths crit:tcll eurrent dénsity, and :hc

. eritdeal. tupcnt:uu enter: in- ‘more than cne - -

' place. ” Numericsl calculation® is required for = -
" these cases. :

aulm uhtionships dt-cun

Table 2 lu-arizu ;11 the

L x

'Iabh 2. - Su].in; rchuonlhipc v

H

-Since P-.is roughly

) simple sulinz uhtionahips, hmnr. o
‘The field, the helium tempera- , -

 Physical "'entft'y """ Scaling tactor .

011::':::1 gr:dual heat * ‘ln‘(:c‘)jﬂn’(Ts
gfrfjg-;fggp R L
'Onit punping pmr - A!h ; ’
': . PP(.'/I), o NS stV
Lo S geens
. - .~'pa.u' ! ¢
\ Voo pTEees T
' - n T
+ ’ )
S. Othcr Coulidcntiou : .

‘5-1 Comparisoin. \r.l‘.:h HI’I' meti\un

Experiments on. ;hc stability of :ho
forte-cooled cable supcrconductors have been
performed st FENML-MIT by M. O. Hoenig et al.?
As a test of our computer analysis we calcu-
Jated the maximum recovery current of the

‘conductor for sevaral diffevent initial heat

inputs. An example of the comparisdn’ between
this analysis and tha data ‘1s shown-in Fig. 6.

- The experiments wera performed on a 19-strand-
triplex cable in'a 10.2-me~ID aluminum conduit. .

The initial heat 1ﬂput +as supplied by eddy

<

instantanacusly. - Maximum recovery currents

for several different helfum mass. fiow veloci-
.ties (1 g/sec corrasponds to 0.15 wm/9ac) uc

plotted dgainst nbtcn: magnetic fields. -
can be sean that!the dsta.and the: nnulylh

&

®

_sexeesing P or having a laige number of’ strmdl-.gzn vith each o:hqx very vell. -Nots that .

This, hmnr. caanot m too flr bccauu of




 magnetic fields.

mecoveRy comments )

. mlyu- and the FBNML-MIT experiment.

" ORNL-OWS 777 . -

-1 the cu-nt:l.on

T dre shown' in Fig. 7.

E . der.

A
. . B Pl . s
R S T ". D’» i '.“,;A T s .
Cen e A

" flow and the larger the vaste, The total '
“‘pumping: power. rcquirmnt ia calculatcd by L

- ‘,v

: r’ - ( Aﬂa 1) dp/dx.
!u-plu of this trqmnt t'or an, utrm
. cnc of 1/8 of the cable :space being opened
‘Note;*“st ‘the contri~ . .
-_-’but:lon ‘of"the ‘heliua flow:ln; through the. vo:ld
. to. the u].tiut:n heat upnc:l.ty still exists '
snd was addcd ‘to the curves above the, lhoul-
It :ls seén that depend:l.ng on how badly
‘the :onpactcd part ‘is smashed, 1ile.,. How much’

.-}~ the cooled perimeter is rcduced, -a, factor of:
" |.2 to. 3 increézse in pumping power ik roqui.rod
'} to regain the same stability margin.

is judged ‘that nonunifon cooling ‘in t:hc .
proposed cable will not cause- nny nlarnin;
'diff:lcult:lel. ; s

S\ \ . mcovcm' Recovtnv S
AT - o ‘A NOV OATA .
el N &+ DEC DATA
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The
saxinun recovery current is plotl:.d againlt
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was used in the au].ylil. chcc this more °
advantageous mode of opcution vas tul.ind in
the cxpcrhcn:. ’ -

5.2 Nommﬂorn Cool:lng

One concern about the cable-in-conduit

. conductor is that the icterstices of the cable

. distributad.

i trmfct function is concerned.

where the helium flows my aot be uniforaly
Furthermore as the conductor is
cncrgiud in a magnet, the Lorcntz force may
push the cable toward one side, thus reducing
the cooling of the strauds. To treat. thesc_
problems in the zero-dizensional analysis, ve
consider the latter. case of the cable being -
shuffled to one side with a big void. left
behind. *The helium ﬂ.owin; through this void
is considered to be wasted insofar as "4ts heat

] The conductor with-the dcplc:od helium
was analyud as usual first. ley, the flow.
velocity,. v, and the prassure drop, dp/dx, -
required for a given scability sargin were
calculated, ' Since the big void and the

: rud.ning cooling channels have parallel tlvov,v

L tud. tblt .

dp/dx. is thc same for all thc chnnnch. “une

-~ curvent density.
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Fig. 7. !ffcctl of munj.fom cooling due
to strands being pused to one side.  Extreme
casc of 1/8 of the cable space being opened
is’ shown, :

5.3 w .
- The force~flow cooling scheme offnu
very valuable flexibility in that it can be
operated at different tesperatures and pumping
speeds. The inlet helium temperaturs and
pressure 1s set by the refrigerator and the
pump, both of which:can be outside the.mag~
net., As is well known, lower coolant tenpera=-
ture will 1ncruu -auperconductor critical
‘A superconducting magnet-
‘can ptut.-nbly proc!ucc hi;hcr fields at lower
‘operating temperatures.
plexity of naintaining lower temperature and
: the unccr:ain:y of the magnet stabiliry at
subatmospheric pieasures for a pool-boiling
cooled magnet are big obstacles, but this
vill ot be- chu ‘case {n a force-flw mn-.

m hrger tlu vo:l.d, ‘the higher t:hc hcl:l.u- R

‘The engineering com-




h '4
safety mirgin, wve consider vays of achicv:lng
highar fiplds in: a given uagnet vit,h no.
‘sacrifice in the cabilicy margin.  For the
] u;uc toprodice a higher ﬁ.cld,
highet current dmity s required.’
higher: fhld-.v the" ngnetotuutm
tabilizer (Cu) increases _ud
in.Sect.- 4, the' 'stability marging and the .-

jwired m’i.n; poiwers dépend’ on‘ the: cun'cnt :

: ln:-ln; lnumc ttmccurhumoug

auqu:lud blth t-pe;tu
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tal aru v-l.chiu chc cauduic (n
,-conduc:or (nu.‘l.) ‘area: (-’) =
‘hd.i\- ares. (n‘) :
ugnctie H.cld ('r)

hydraulic d!.mnr (l) .
’voh-e frution ot copper 1n n

7o ty./tield] resistivity, and the Helfum .
‘ t‘pe,ltura 1ia \\ ‘complicated way.. First, tln
‘bl ;-pcnr.u;c to maintain the dame . '

iate . hut umci:y m det-rnimd ‘rhe
b fir

“')n.‘l.:mu' gradul hut :I.npuc lhi.: L
e "

=" enthalpy of hcl:lu-
o cath.‘l.py of metal (.r o ')
tuucpo:t currcnt (A) L

" overall cutrent dmi.l:y (An ’)
ceritical, currcnt dcnuty of. supcrcon- ' oL
'ductot (A- ) KIS . AR

: un mm mn.r,(w'nl

Hg. 8. Opnra.,mg tupcrlcurc and :
:lng po\ur requirssent. to: produce htzhor e
upots.c ttolds & u.ven hgnc:.

:.critiul t-peraturc (K) o .
i cutmt lluring thruhold (K)

et

-_I,..I..cuu the lubiuty urgin ‘hn!.f o!.' l:hc—- p
L u.‘l.tintc gradual: heat; {npic limif, AH s (1/2)
< AR., the tesults are surwsarized in Table:3
= logauu of the different hélium bath tmp.r
- T thd ‘Carnot factor. (T. = T)/T Lo L0
.- dncluded in calculating the faht Ve Bu-ping '.-tﬂ.: runttuty (1nc1ud1n; ug- Teomtes ey
..+ powsr showm_in-the list column. “Note that ia 2 ncco ruhetviey, ﬂ-n) : ; ' -
* this ‘ealculation,  the: soutm:—volm lpcctuc lnhrencu L k
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