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INTROOUCTION.

West1ngnouse seTected rorc=d fTow, supercr1t1caT “helium- cooTed Nb Sn hollow
zable conductors for the" Large Co11 Porgram (LCP)(T) A number of requ1remen£=
ind constraints were spec1f1ed ror the des1gn of the modeT c011 Those that
nave direct and indirect 1mpacts on the- conductor des1gn wera: T) The conductor
must recover spontanegusly to the superconduct1ng state when han a turn 1s
iriven normal initially; 2) Total refr1cerat1on Toad must be Tess than 5:0 W
when the coil is operating with the ruTT current 3) Tota] rerr1gerat1on Toad
must be less then 100 W when the coil is operat1ng at 80 of the full current,
4) The peak magneu1c field is to be 8 teslas, and .5) The max imum conductor
ur'ent is 18, 000 A. The conceptual TF ‘coil: 15 a pancake—wound dev1ce where
each pancake of aluminum contains a number of conductor slots. Each slot accom-
modates 5 parallel turns. Deta115 are Qescr1bed eTsewhe;eﬁz).

Tne basic conductor concept selected cansists of cabied triplexes, initially
enclosed in a round pipe stainless steeT'jecket ahd:then~;ohpected to a square
configuration with the desired void fraction(3). Examination of a typical con-
Z.2tor cross section (See the figure below) suggestad a number of uncertainties
:nat affect the conducior design. They are: The uniformity of helium flow in
the interstices of the twisted strands, the unifarmity of current 7low among
Zne strands dur1ng conductor recovery, the load-bearing capability of the con-
lsctor, the neat transfer coefficients and the friction factors for twisted-
sirands compacted hollow cable conductors. These uncertainties and the lack of
-ior experience in the design of 5uperconducting'devices with hollow cabled
-rductars sucgested that conservative assumpt1ons be usad. This paper discusses

Tn2 design aporoach and the selection of a referencn des1on




Figure 1. Cross Section of a Prototypical LCP Forced
Cooled Conductor (567 Strands)



DESIGN APPROACH AND REFEZRENCE CONCEPT

The design of a conductor-cooling concept to meet the specified requirements
and constraints of the LCP is essentially a transient heat transfer problem

* where the conductor selected must meat simultaneously.the ‘stability criteria
‘and :hejrefrigeratidn”]oad constraints. . The approach to the conceptual. design
was to perform initial scoping calculations based on simplified models and
conservative assumptions. A reference concept was then selected from the results.
This was followed by detailed transient conductor cooldown ana1ysis to Vérifj
the stability of the conductor.

It can be shown that a ‘conservative conductor design criterion can be derived
fram the equation of energy of the conductor such that the overall heat transfer
coefficient raquired for stability is given by the relation:

U Jnc ! pCU
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¢Pc (TC - Tf)

where Jnc is the current density in thenon-copper portion of the conductor strands,
I is the transport currant, p_ s the maximum-electrical resistivity of the
copper statilizer {irradiated), T is the maximum critical temperaturs, T. is the

o

bulk fluid temperature, 2y and TC occur at the location of the peak magnetic
field. @ ic Tm= ¢22zer t0 non-coober ratio, 5 is the hezt trancfsr peri—zizre
of the concuctor sirands, assumed to be 73 oTf the total perimetar. The gveral;

heat transfer coafficient is related to the film ccefficient h, the insulatisan

thickness § ana tne thermal conguctiivity of the insulation Kips
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The film heat trarsfer coefficient h can be related to the helium mass velacity 5.
through a neat transver correlation. The helium mass velocity determines tne

prassure Ir_.; in the COnCuctor, the nelium Sump werk anag fTin

Ftilg heauir

refrigeracion ioad due to <he pump work. T2 minimize the heiium pump work, the

overal] neat <ransfer coefficient must be minimized while simultanecusly
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satistying the stability criterion. In the absence of a heat transfer correlation
specifically applicable to hollow cable conductors, the one developed by
Giarratano 1) for forced convective supercritical helium basad on data obtained
for turbulent flow in smooth tubes was assumed with a multiplicative factor of

1.5 (in the scoping calculations) to take into account the anticipated better

heat transfar in the twistad strands when compared to smooth tube:.

)

Conducsor Design VYariables

The critarion given in Equation 1 contains the conductor design parameters y,

Jdnc, and Pc, which are in turn dependent on a number of other design variablias
such as the conductor crass-sectional area, the helium (vaid) fraction, the

number and the size of the conductor strands, the cabling configuration selected,
and the insulaticn thickness. To minimize helium pump work, it is desirable to
maximize the conducsor cross-sectional area. However, considerations of structural
requirements and the $otal number of conductor turns resulted in a maximum
conductor z.-2a not to sxceed 4 cm2 for the helium plus the conductor strand cross-
-sectisnal are~s. Th:s number of conductor strands and the strand diameter depends
on the type of cabling configuration considered. The selection of a cabling
eonfiguraticn wa. based on considerations of the void, the void size distributions
and the desire for tozal transposition of the strands (to minimize AC losses).
Some possible cabiing configurations and the corresponding total number of

tirands 3wz TRe foilowing:

FRACTION OF ACTIVE STRANDS
CAZLING CONTIGURATION NO. OF STRANDS FOR TOTAL TRANSPOSITION

2 3.3 x7 189 0.86
2.2 L3 x 3 253 1.0
334747 4d] ' 0.73

SowLoa v’ 567 0.86
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Cabling operations ending in 4 groups of conductors were not considered because
this configuration tands to yield excessively large voids. The larger the number

of groups of strands in the cabling configuration, the better is the void.and void
size distributions.

Farametr1c Analxses

It becomes’ ev1dent that there are a number of poss1b1e trade offs wh1ch can-be
eluc1dat=d through parametr1c ana1ys1 Because of the large number of des1gn
var1ab1es 1valved, a number of the. corduetur»parameters were fixed for: ‘tha ‘para-
metric analysis. The current dens1tj in the non-copper port1on of the conductor
#as set at 25,000 A/cn The current dens1ty in the. superconductor was f1xed

at 100,000 A/cm2 (20% of short sample value at 8. 3 T and 50%- of short samp]e
value at 11 T). The conductor (helium plus conductor strand) area was taken to
be 4 cm2 The helium void fraction wes. se1ected to be Q. 4 the 1nsu1at1on thick-"_ -
ness was 10 [T ‘the therma1 conduct1v1ty of the 1nsu1at1on was assumed to be o
1.3 x 107 -3 W/em - K, the transpart current was set at 15, OOO A for the pre11m1nary*”'
scoping ca]cu1at1ons, and the -friction factor was assumed to be 20% greater than -
those obtained by Hoen1g for a 57 strand round pipe hol]ow cab1e conductor(S)

[+ was postulated that because of the nonuniformity of the void sizes, conductor
strands in contact with the highest helium flow velocities would recover first.

‘ne strands would then carry a greater current than the average, resulting in a
‘cascaded recovery" process(s). The strands recovering last are in contact with
the minimum fiow velocity. The strands in contact with the mimimum mass velocity, .
Emin’ thus caontrol the recovery of the conductor. The ratio of the nominal to
ginimum mass velocities was assumed to be three, based on a preliminary

correlation of Hoenig's friction factor data. The nominal mass velocity, Gnom’

*¢ needed to establish the pressure drop and the helium pump work. The relation
catween Gmin and Gno is discussed in more deta11 in a companion paper(s).

" P

‘he eftect: of the cabling configuration and the number of strands on the

..rin: 4°am-ter, total hea- transfer surface area and the coppper-to-non-copper
-:%ig arz cawn fn Table 1. Based on the preliminary calculations on various
A@AT 1o, ~.d -he ra2suliant refrigeration loads, a tentative timit of 300 wat:s
wads o .- - refrigeration load for helium pump work. For a pump efficiency




TABLE 1
PREL IMINARY PARAMETRIC: ANALYSIS

EFFECT OF CONDUCTOR DESIGN PARAMETERS ON REFRIGERAION LOADS
15,000 A CONDUCTOR

FRACTION COPPER TO | REFRIGERATION
TYPE OF ND. OF OF ACTIVE STRAND NON-COPPER | FOR lie PUMP

CONDUCTOR TRANSPOSITION STRANDS STRANDS _ DIAMETER, cm _RATIO. _ WORK, W
CABLE( FULLY TRANSPOSED 189+ 0.86 0.127 2.44 2114

(DUMMY STRANDS) 5671t 0.86 0.073 2.44 305
CABLED NOT FULLY 189* 1.0 0.127 3.0 437

TRANSPOSED 567+ 1.0 0.073 3.0 79

(1D DUMMY STRANDS)
LATTICE FULLY TRANSPOSED 189* 1.0 0.127 3.0 56
BRATD URIFORM VOID SIZES 567+ 1.0 0.073 3.0 10
*Ix3x3x7 = 189 INITIAL VOID = 0.79 COMPACTED T0 0.4

0.86 COMPACTED TO 0.4

n

13 x 3 x 3x3x7 = 567 INITIAL VOID




of 50%, the maximum pump work allowed 1s 150 watts. The helium pump work
calculatad Tor the various cabling configurations showed that among the cables
investigated only the 567 strand, 7 x 34 cable can meet the stability criteria
and this pump work goal ~'Obviously, a cable with greater than 5o7 strands can

also meet th1s goal, nowever, it would compromise other des1gn goals/cons1dera--w,

1'10ns For example,;the next potent1a11y attractive cables are 1539 strands
(9 x 3’), 1701 strands (7 x 3 ),»etc ~ However, these would result in apnrec1ab1y

smaller strand dwameters and - h1gher manuractur1ng costs In add1t1on ‘the sub- - -

channel sizes would be cons1derab1y smaller. The 567.strand cable was therefore
selectad as the reference cablg'cpnguq;qr. A lattice braided gonductor was
calculated for a comparison. This chdp;tor can achieve significant reductions
in the helium pump work and the refrigeration load because full transposition
can be attained without incorporating any dummy strands.

The specifications of the refereace conductor concept are given in Table 2 below.

TABLE 2
SPECIFICATIONS FOR THE REFERENCE CONDUCTOR CONCEPT

CONDUCTOR DIMENSIONS INSIDE THE semx2em 7
STAINLESS STEEL JACKET

CONDUCTOR CURRENT 16,000 A
NUMBER QF CONDUCTOR STRANDS 567 7
NUMBER OF INACTIVE STRANDS 81
STRAND DIAMETER : 0.0734 cm
INSULATION THICKNESS 17 microns
WIRE DIAMETER 0.07 cm
COPPER TO NON-COPPER RATIO 1 1.92
SELIUM (VOID) FRACTION 0.40

2. Sn to Nb RATIO 3 t0 i




Verification of Conductor Stability

Verification of the stability of the conductor was carried out by transient
recovery analysis of the reference conductor using zero-dimensional and' one-
dimensional models and the TAP-3 cbh?QﬁEr code. The code solves simultaneously
the equation of energy of the condUCfbr and the equations of energy, motion,
continuity and state of the fluid by finite differerice analysis. Three models
were used in the analysis. The zero-dimension model adopted the peak local
magnetic field of 8.3 T, while the 1/2 turn (one-dimension model) assumed a
field distribution in a region where the magnetic fields are the highest. The
third model is essentially the same as the second model. The basic difference
is that only 25 cm of the half turn was assumed to be driven normal initially.
The analyses were performed by driving the conductor normal initially with a
given amount of energy input. The‘yecoverability of the conductor was then
analyzed by varying the helium f]ow?gte based on minimum subchannel mass veloci-
ties and the total conductor flow area. The details of the analyses will not
be given hare, but the results are summarized in Figure 2. The helium flowrate
limited by the refrigeration constraint is shown on the figure. The starred
point corresponds to the hand-calculatad conditions.

It becomes apparent from Figure 2 that the basic stability criteria used for
the scoping analysis compares well with the computer analysis and that the

zero-dimension model provides a conservative design. The transient analyses

show that the conductor can recover to the superconducting state (within the
refrigeration constraint) with the conductor initially driven to 21 K. This

corresponds to an adiabatic energy input of some 650 mJ/cm3 (strand volume).

CONCLUSIONS AND RECOMMENDATIONS

The good agroement between the "steady-state" criterion (Equation 1) and the "zero-

dimension" transient model merely suggests that consistent assumptions were used

in both se*s of analysis. The uncertaiatie: jelineated earlier remains to te

rasolved. Their resolution may permit - <atjon of the conservative design

assumptions made. In particular, prass: - 1p, heat transfer and stability daza

Tor twistea-strand, compacted cable co. . . are urgently neededq.
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