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INTRODUCTION AND SUMMARY

The present studyl was conducted to comsider prac~
tical 10,000 ampere conductor designs to meet the aper-
ating comstraints for the ohmic heating coils of TNS
and experimental Tokamak fedctors.? The conductor must
simultaneously meat the requirements for mechanical sup=-
port, cryostabilization, high overall wianding curreat
density, low mechanfcal and zlectrical losses, and mech-—
anical and electrical integrity for cyclic pulsed oper-
ation from -7 T to +7 T in one second.

Our suggested wirding 13 a szt of nested tubes,
each made up of a stack of pancake—wound bobbtins. Each
pancake 1s co-wound of a flar open superconductor braid,
steel tape, and Xapton imsulation. The strands of the
braid coasist of sectored copper regions separaced by
copper-nickel and surrounding a mixed-matrix copper,
copper-nickel, and NbT:. multifilamant core. Strands
1.5 mm in diameter provide congservative cryostabiliza-
tion at overall winding current densities adequate for
the OH winding of an EPR-~1 or TNS sized coil (~1500 am~
peres/cn?). Eddy current and coupling losses are at
acceptable lavels, and hysteresis losses can be reduced
within acceptable limits wich 10 y diameter filameuts,
providing the winding is graded, tube to tube. The bas-
ic conductor and winding concept can be exteaded to pro-
vide conductors of higher currents.

A 2000 ampere model conductor has been fabricated
from 0.94 mm diameter strands, and tested {n a rein~
forced pancake configuration. The measured maximum re-
covery current corresponds to a current deasicy of
3500 amperas/cm? over the entire coil cross sectionm.

THE SUGGESTED INS-SCALE 10,000 AMPERE CONDUCTOR
AND WINDING DESIGN

Suggested Winding Scheme

To retain the advantages of the pancake winding,
yet allow grading of the conductor and a partitioming
of any accumulated radial forces, a hybrid multilayer
stacking of pancake-wound coils is suggested as the
preferred coil design for this application. The sug~
gested winding scheme is shown in Figure 1. The ohmic
heating coil (left side of the Figure) consists of a
fiberglass and epoxy central column, which i{s surround-
ed successively oy thinner concentric epoxy-fiberglass
shella, as shown in Inset A.

Each shell has stacked upon it to the full height
of the column a set of pancake-wound colls on fiberglass
and epoxy bobbina, where the outside diameter of the
coll flanges fit snugly inside of the inside diameter
of the succeeding shell. The pancake flanges ara
aotched, perforated, grooved or shaped as necessary to
allow axial helium movement, radial helium access and a
shrouding of helium gas to the larger open areas at the
outside diamet2e of 2ach layer. Pancakes car be wound
in pairs and joints between pairs at the outside diame-
ter can be eliminated if necessary by usinz appropriate
apooling and winding schemes.

The pancakes will be co-wound of a flat braid in-
terleaved with stainless steel and Kapton tape as shown
in Inset B.

Suggested Conductor Configurationm

The recommended conductor 13 a f£lat braid like the
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97 strand braild developed at Brookhaven National Labor-
atory,? except that the strands will be 1-2 mm in dia-
meter, much larger than those utilized at Brookhaven,
and the strands will be individually fansulated. The
£lat brald consists of a weave of strands over a "her-
ringbone" gkeletom, shown schematically at the top of
Figure 2. The ribs are strands which move from the cen-
ter of the conducior at an angle of about 30° to the
vertical (for z f.at-wound solenoid). Two layers of
strands weave ia an over-two, under-two, over~-two se-
quence which 13 shown at the bottom of the Figure for
the three axial positions corresponding to sections A4,
BB, and CC in the inset. Alternate strands in each of
the two side layers of strands crosa each other between
each pair of ribs. The layer strands at the center of
the conductor become ribs and move to the outside where
they joim the layers again 3o that alomng the axial
length of the conductor every strand occuples the loca-
tion of every other strand and is completaly transposad.
Rigid mechanical support is provided against radial com=
pression where the ribs support the two layers of
strands, to the extent that the strands resist plastic
deformation at the crossing poimts. A slight precom—
paction, assuming a tough imsulation, will expand the
point contact to ap area contact at the strand crossing
points so that substantial pressures can be withstood.
An examinaction of deformation for crushing forces om
various types of conductors at 90° crossing angles has
baen performed at IGC.*

Support of the braid is particularly good against
flat surfaces on either side of the braid. The sceel
therefore serves a triple purpose: (1) integral sup-~
port of the winding against hoop stresses, (2) tighe-
ening of the winding onto the formers due to differen-
tial compaction on cool-down,5 and (3) rigid transmis-
sion of radial compression through the winding.

The braid configuration 13 excellent for cooling
and heat transfer. All strand surfaces have free ac-
cess to unconfined helium, excepcing those swmall areas
which are in physical contact where the strands cross
or are in line contact with the steel and Kapton inter~
turn gpacers. Clear channels one strand diameter chick
and effectively several strand diapeters wide, run be-
side the ribs from the center of the braid to the upper
and lower edges, where wich a slight jog, but without
constriction they exit from the conductor.

Good stability has been demonstrated in the Brook~
haven dipoles with 12 mil diaweter strands and even
with porous solder filling,? although these dipoles are
not conservatively cryostable in the context discussed
here.® To achieve cryostability, larger strand diame-
ters, the order of one to 2 mf{llimeters, are needed o
produce channel widths adequate for gas clearing.517
However, the increase in strand size will result in
some sacrifice, because of the reduction in strand sur-
face to volume ratio, of the tranmsient stablliicy which
has been demonstrated at Brookhaven. Because of the
mechanical hysteresis losses generated i{a unfilled and
unpotted cables of these strands,® larger, stiifer
strands, and accordingly, fewer winding layers are rec-
ommended. Once cryostabilivy rather than transient sta-
bility is chosen, then from a stability point of view
the design becomes more conservative as the strand size
iacreases and large channel sizes are established.

Other constraints suggest that che strands should

still be made as small as is permissible, however. El~-
ectrical losses and the quantity, and therefore the .
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cost, of strand material that is required are both re-
duced by reduction in atrand size. Without presuming
to optimize for the TNS coil, we have gselected a 1-1/2
millimeter diameter strand size for reference calcula-
tions.

Suggested Strand Configuration

In consideration of the need for low hysteresis
losses and on the basis of state-of~the-art fabrication
capabilities, an approximately 10 u diameter filament
i3 suggested for the superconductor stranda. To reduce
coupling losses and rata’n an adequate intrastrand heat
transfer capability, it is suggested that these fila-
ments be placed in a mixed-matrix configuration incor-
porating comparable amounts of copper ani NbTi in cop—
per~clad filaments within a copper~l0Z nickel resistive
matrix. An established 1.5:2:1 CuN{:Cu:SC wmixed-matrix
conductor is suggesced. However, for cryoscabilization
addicional copper is required.

A strand counfiguration that has bean devised for
low loss superconductor windings for the Air Force? is
well suited to the present application. The configur~
ation 1s shown in Figure 3. The mixed-matrix core can.
be surrounded with copper, providing that a resistive
barrier, in this case CuNi, separactes the core from the
copper zo prevent the leakage of coupling curreats
through the low rasistivicy copper. The resistive fins
provide a barrier to curreats that do enter the copper,
and they also break up the copper regions to reduce
eddy current losses.

REFERENCE DESIG.! FOR THE 10,000 AMPERE CONDUCTOR
FOR THE PEAK FIELD, 7 T, FIRST LAYER

The inside layer experiences the peak 7 T field of
the winding. Calculations of the current density, los-
ses, and cooling requirements for the conductor in this
layer have been made and used as a comservative guide
to estimating the overall requirements and properties
for the device, although it has been necessary to cal-
culate possible hysteresis losses assuming a graded
winding as well. The results of tha calculatious are
presented in the sections which follow.

Allowed Cryostable Heating Per Strand

We have takenm a consarvative posture with respect
to the requirements for cryostabiliry. The current den-
sity which can be achieved {n the winding is governad by
two aspects of heat transfer: (1) the cold-end recovery
criteria for heat cramnsfer to the helium zust be satis-
fied® and (2) an adequate “elium channeling must be pro-
vided to remove the heaz which i3 transferred. We have
asgumed: (1) that the braid conductor will be cooled
through vartical grooves in the stainless steel adjacent
to both braid surfaces as well as the channels within
the braid itself, (2) thac the braid interior will be
as effective for removing heat as a continuous annular
channel 0.15 cm wide, (3) that the steel tapes will
have 0.15 cm wide chapnels facing the conductor on both
gides, each affective over 507 of the surface facing
the braid aad (4) that the vertical height of these chan-
nels will be 7.5 cm. Over 0.70 watts can accordingly be
extracted from each cm of height of the braid using Wil-
son's daca; 0.0525 wacts con be removed per strand, a-
bout 0.11 W/cm? of strand surface. Even with a 50% sur-
face occlusion on each strand, this is conservacively
below the 0.27 W/cx® limit for cold-end recovery in
each strand were film=boiling imitiated.’

Optimization of Strand Parameters and Curreat Density

By equating cormal state joule heating and heat
cransfer from the strand, an optimal relatiocship be-
cween the reiative fractions of the various strand

componernts can be made and a maximum strand curreat can
be calculated., The relative optimized fractions of com-
ponents are listed in Table 1. Sixty-six strands ate
required for 10,000 amperes and the width of the braid
(axial heighr in the wound geometry) is about 5 cm.

The original assumption of a 7.5 cm channel height is
accordingly conservacive, and an iteration of this cal-
culacion asguming heat transfer for a 5 cm chaonel
should allow higher current densities per strand, and a
smaller number of strands. Alternatively, one can ac—
cept the 157 margin in cooling chat the first calcula—~
tion provides.

The overall current density for the braid and in-
terstitial helium is 4.44x107 amperes/m?. If the wiad-
ing is designed for 1.5x107 ammeres/m? as is the OH
201l for the ORNL EPR~1 Reference Design, then 347 of
the winding will be for the conductor and enclosed hel-
ium, leaving 66% of the volume between the inside dia-
meter of the inside conductor layer and the outside di-
ameter of the outermost pancake flanges for non-metal-
1L{¢ structure, gteel, Kapton, and additional helium.
The latter percentage is less than was originally sug-
geated, but still allows a reasonable fraction for each
component.

Logses in the Conductor

Since the Reference Design has been guided by con-
servative heat transfer and cryostabilicy consideratioms
where the creation of adequate helium chamneling has
been the critical constraint, the conductor strand size
is relativaly large. As a consequence, eddy curreat
and hysteresis losses have been pushed towards the tar-
get specification of matching the losses estimated for
the Ohmic Heating Coil in the Oak Ridge EPR-1 Reference
Design. Although the losses that are encountered will
depend upon grading of the conductor, a conservative
projection of the magnitude of the losses can be
achieved by analyzing losses in the conductor elements
which are designed to operate in the peak field regionm.

The loss per cycle, Q;, which is summarized in
Table 2, has been determined assuming that the 7 T ref-
erence design conductor is wound throughout the coil.
The total loss calculated on this basis is clearly with~
in the target specification.

With grading cf cthe NBT1 and a tighter twist pitch
length, the losses can be reduced to meet the specifi-
cations as shown in the second estimate, Q;. The hys-
teresis loss for Q; was calculated usiag the instantan-
eous loss equation given Selow for cylindrical fila-
ments carrying transport curreat,

274 [y
@, - 53t W
[

assuming that the filaments are 10 microns in diameter,
d, that the filament current is well belgw the tramsport
current on average throughcout the winding, making g=1.3,
that the average peak field, 3, seem in the windiag is
3.5T, and chat the average filament critical current
densicy jc is 3x10? amperes/n“. The graded estimate was

made assuming an infinite solenoid with every filament
reaching 0.9 j. at maximum currenc.

The coupling losses were calculated ia two ways for
Q1 issuming in each case that the cwist picch length is
1.5 cm, ten strand diameters. In the first case, che
overall fractions of superconductor copper and copper-
nickel which are given in Table 1, were assumed to be
uniformly distributed throughout the strand in a mixed~
matrix configuration. This calculation gave losses ap-
proximately triple the coupling for Q; im Table 2, which
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was calculated on che bhasis of the configuration shown
in Figure 3. Althoggh che conductor design was not
graded, an average 3¢ was utilized for the coil.

Ic may also be possible, becaugse thé_ééé:dreg ar~
rangement concentrates the filaments within r, at about

half the strand radius, to more tightly twist this com-
posite without damage to the filamants or significaant
loss of effective current demsity due to geometric ef-
fects.!! The coupling loss for Qs was accordingly cal-
culated for L»5, rather than ten strand diameters, re-
ducing the loss by a factor of four.

STABILITY MEASUREMENTS

The pivotal assumption in this coil design is that
one can obtain bubble clearing in the channels adjacent
to the braid rib. Accordiizly, a small scale stability
measurenent was performed to determine the heat trans-
fer characteristics of such a coaductor.

A braid iccorporating 21 insulated strands each
0.96 mm in diameter was fabricated.™ Each scrand con-
cained 187 filaments wich an overall copper to super—
conductor ratio of 5.8:1. No attempt was made to fab-
ricate a low ac loss strand. The braid was compacted
into a4 0.28 em x 1.09 cm rectangle by passiag through
a Turks head. This process yields a conductor of 50%
metal densitcy with essentially oo deformation of the
individual gtrands.

A bifilar pancake, ghown in Figure 4, with an in-
gide diameter of 12.5 ¢m and a radial build of 3 cm was
wound from approximately &4 aeters of conductor. 0.027
cn thick stainless steel ribbon was co-wound with the
bratd. Stability was ueasured by driving an axtended
portion of the sample normal with a co-wound heater and
then observing sample voltage after the heater is turned
off. A plot of recovery velocity as a function of sam-
ple current in a background field of 4 T 1is given in
Figure 5. The maximum recovery current is approximate-
ly 1450 amperes and tha full recovery curreac is 1000
amperes. ’

The maximum recovery current corresponds to a heat
flux of approximately 0.121 W/cm? over the entire
strand surface which is reasonable considering that op~
ly a fraction of che strand is actually available for
heat transfer. Although the strands and chamnels for
bubble-clearing in this cest braid are smaller than
those in the 10,00C ampere reference coaductor desigzm,
this measured recovery heat flux 13 larger than the
0.11 W/cm? estimated for the reference desiga, iadicat-
ing that the design may be somewhat conservative.

Further experiments are in progress to determine
the effect on stability of cable compaction, and of
different types of spaces between the pancakes.
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Tabls 1

REZFERENCE DESIGN PARAMETERS POR THE

10,000 AMPERE CONDUCTOR FOX THE PEAK PIELD,

Scrand
Filasmut
Pilagent diameter, d
Tilsmant J. 27 T, 4.2 K
360° Twist Langth, L
Configuration

Core Configuracica
Core Culi:Cu:NbTL
Core adiue, o

Praction NbTL, xn
Fraction Coprer, 1

Feaceion Cu-10% H:L(.:uxm
Py O D

Pen

:EL Core

Susber of CuNi Pine, a
Pin and Rigg Thickness, C
Serand Radfus, Ty
Strand Insulation
Averzge Normal Heat 7lux, x
Serund Current ? 10,008 aspares
E_Cu @e@-717

Conductor
Nusber of Strands, N
Coafiguratiocn
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Operacing Current 2 7 7
Current Density d 10,000 axperes
Cricical Currene 3 7 T

Ohmic Heating Coil
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Table 2
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Figure 1. sketch of the suggested windiag scheme.
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